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ABSTRACT 

The theory of a previous paper (Phys. Rev. 25, 314, 1925), which dealt 
with the scattering of x-ray quanta by electrons in circular Bohr orbits, is 
extended to the scattering by L and M electrons and by electrons in elliptic 
orbits. For a certain range of positions of the electron in each orbit the mass 
of the whole atom is added to that of the electron and the quantum is scattered 
without change of wave-length. For a given type of K, L or M orbit, the 
ratio of the number of modified scattered quanta to that of the unmodified 
quanta is calculated. From this the intensity of the modified band relative 
to that of the unmodified line when all the K, L, and M electrons are operative 
in the scattering process is determined. Curves are given showing the intensity 
of the modified bands when Mo Ka x-rays are scattered by carbon and sulfur 
at 30° and 90°. The theory gives for the ratio of intensity of modified band 
relative to unmodified .90 and 1.74 for carbon at 30° and 90°, and .42 and .62 
for sulfur at 30° and 90°, the ratio increasing with the scattering angle and 
decreasing with increasing atomic number. This result tends to explain the 


difficulty which has been experienced in obtaining the modified band when 
Mo Ka x-rays are scattered by sulfur. 


1. INTRODUCTION 


HE simple quantum theory of the scattering of x-rays as developed 

by Compton! has been extended by the writer in a previous paper® 
so as to take account of the motions of the electrons in their Bohr orbits. 
When these motions are taken into account it was shown that the exist- 
ence of the unmodified line may be explained since there are for a given 
angle of scattering certain positions of the electron in its Bohr orbit from 
which the impinging primary quantum is unable to eject the electron. 
For these positions the mass of the whole atom is added to that of the 
electron and the scattering takes place with negligible change of wave- 
length. In Fig. 1, the momentum of the primary quantum //Xg is repre- 

‘A. H. Compton, Phys. Rev. 21, 483 (1923) 


2G. E. M. Jauncey, Phys. Rev., 25, 314 (1925); see also, A. H. Compton, Phys. Rev. 
24, 168 (1924) 
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sented by OA, the momentum of the scattered quantum h/\, by OB, 
that of the electron in its Bohr orbit before scattering by AC and that of 
the recoil electron immediately after it has been ejected from the Bohr 
orbit by the scattering process is represented by BC.* Assuming a circular 
Bohr orbit the point C may be at any point on the sphere shown. As C 
takes different positions on the sphere the length of OB varies. Excepting 
for Assumption III of the previous paper, OB would have a maximum 
length when C is at H and a minimum length when C is at G. Assumption 
III however makes the restriction that the difference between the energies 
of the primary and scattered quantum must be at least equal to the 


Y 








G 
Fig. 1 
binding energy of the electron in its orbit. This occurs when C is on the 
circle PQ. For positions of C within the shaded area the electron cannot 
be ejected and for these positions of C there is no change of wave-length 


on scattering. Due to the variation of OB for varying positions of C in 


the unshaded area, there is a wave-length width of the modified line for 
a given angle of scattering ¢. Further, since the ratio of the probability 
of C being in the shaded area to that for C being in the unshaded area is 
equal to the ratio of these areas, the number of x-ray corpuscles scattered 
at a given angle ¢ without change of wave-length to the number scattered 
with change of wave-length is as the shaded area to the unshaded area on 
the sphere. This gives a correlation between the existence of the un- 
modified line, the width of the modified line and the respective energies 
of the unmodified and modified lines. In the present paper the theory 
of the previous paper is extended to the case of scattering by the L and 
M electrons as well as by the K electrons and to the case of electrons in 
elliptic orbits as well as circular orbits. 


3 For further details, see the previous paper’. 
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It is perhaps interesting to note that in the case of circular Bohr 
orbits where the binding energy of the electrons is much smaller than 
the energy of the primary quantum the line GAH (Fig. 1) bisects the 
angle OAK, the line AK as well as the line OB being in the plane XOY. 


2. THEORY 


The equation of an ellipse in polar coordinates referred to one of its 
foci as origin is 
1+ecosA 


1—eé? 


, (1) 


1 1 
an a aw Of 
r a 


where r is the radius vector from the origin to a point on the ellipse, A is 
the azimuth of the line joining the origin to the point relative to the 
direction of the major axis, a is the semi-major axis and ¢ is the eccen- 
tricity. We shall consider only the case where an electron is moving in an 
orbit about a massive nucleus so that the nucleus is at the focus at which 
the origin is taken. Also we shall consider only the simple case where there 
is no relativity change of the mass of the electron due to its velocity as 
it moves in its elliptic orbit so that there will be no advance of the peri- 
helion of the elliptic orbit. Sommerfeld‘ gives for an elliptic Bohr orbit 


l-—-é= n*/n* ’ (2) 

a = h*n?/4x*meE , (3) 

and — W = he/d\y,= 2n*me®E*/h'n? , (4) 
where n, is the azimuthal quantum number, the total quantum number, 
e the electronic charge, E the effective nuclear charge, — W the binding 
energy of the electron, and X, a critical absorption wave-length of the 


scattering substance. Introducing the quantity a,=h/mcd, of the 
previous paper Eqs. (3) and (4) above give 

a=hn/2amcv/ 2a, . (5) 
We have from the Bohr theory that the angular momentum mr*(dA /dt) 
is equal to n,h/2x and hence from Eqs. (1) and (3) 
dA 4nrmc*n’a,(1+.€ cos A)? 


dt hn,? 





(6) 


The velocity of the electron in its orbit is given by 
(velocity)* = r2(dA /dt)*+ (dr/dt)?; (7) 
therefore by differentiating Eq. (1) and from Eqs. (2) and (6) 
p/mc= b= (n/n.) X V 1+2e cos A+e XV/2a,, (8) 
‘A. Sommerfeld, Atomic Structure, English ed., p. 235. 
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where p is the momentum of the electron in its orbit when at the azi- 
muthalangle A. It is seen that the electron has its greatest momentum 
when at perihelion (A =0) and its least momentum when at aphelion 
(A=7). For a circular orbit when n,=n and e=0 we have 


p/mc=b=+/2a, . (9) 


In the previous paper the value of p/mc for a circular orbit is given as 


V 2a,—a,?/(1—a,). This value however was obtained when the relativity 
change of mass at high velocities was taken into account and approxi- 
mates to that in Eq. (9) when a, is small. As a, is small when L and M 
electrons do the scattering we may take Eq. (8) as being sufficiently 
accurate for our immediate purposes. 

For a given value of A, b is a constant. Furthermore since the axes of 
the elliptic orbits for a large number of electrons are orientated equal'y 
in all directions, the problem for A =constant becomes similar to the 
problem for circular orbits as discussed in the previous paper. In that 
paper it is shown that for small values of a, the extreme values of 1/=A,/Xo 


are given by 
1=1+aovers@+2 sin} oX V2a, , (10) 


where ayp=//mcXo, provided that the restriction of Assumption III of the 
previous paper is for the moment considered as inoperative. However 
since in Eq. (10) 1/2a, represents p/mc for a circular orbit, we may use 
the value of p/mc as given by Eq. (8) for a given or constant value of A. 
The value of } for a constant value of A we shall represent by b4. The 
extreme values of / due to scattering by a large number of electrons in 
elliptic orbits whose axes are orientated equally in all directions for a 


constant value of A are therefore given by 


l=1+aovers 6+2b,4 Xsin}¢, (11) 


hence 

1; —l,=4b, sin} ¢ , (12) 
where /; and /, are the maximum and minimum values of / as given by 
Eq. (11). 

The ratio of the number of electrons between the azimuths A and 
A+6A to the whole number of electrons which are moving in elliptic 
orbits of a given eccentricity € is equal to the ratio of the time 6¢ for the 
electron to move from A to A+6A to the time for the electron to move 
from aphelion to perihelion. That is, 


(13) 
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where 6Ng is the number of electrons with azimuths between A and 
A+6A, Ng is the total number of electrons and T is the period of the 
electron in its orbit. By integrating Eq. (6) between the limits A =0 
and A = 27 we have® 


T =hn/2mc*a,, (14) 
and therefore from Eqs. (6), (13), and (14) 


dNxg/dA = Ng(n,/n)*/x(1+e cos A)? . (15) 


In the previous paper it is shown that for circular orbits (that is, for 
orbits in which ’=constant) the number of x-ray corpuscles scattered in 
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Fig. 2. Number intensity of x-rays scattered by electrons in circular orbits. 


a given direction ¢ for which / is between / and /+4/ is proportional to 
5P, where according to Eq. (13) of the previous paper 


P=(l—u)/V14+21 cosot+? , (16) 
and u=1+a9(1—a,)vers¢. 
The number intensity may be defined as the ratio of the number of 
x-ray corpuscles between / and /+-4/ to 61. Hence we have 
dP 1—(l+u) cos ¢+lu 


number intensity 9 «<—- =——————_—___ (17) 
dl (1—2lcos @+/*)*/? 


For the scattering of Mo Ka rays by the K electrons of carbon we have 
(see previous paper) /;= 1.080 and /,=0.988. Plotting the curve of the 
number intensity against / between these two values of / we obtain 
approximately a straight line parallel to the axis of / as shown in Fig. 2. 


’ B. O. Peirce, Short Table of Integrals, pp. 41, 43. 
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We may therefore obtain approximately the number intensity by divid- 
ing the total number of x-ray corpuscles between /, and /; by (/;—/2). 

Now the number of x-ray corpuscles 6N, scattered by 5N¢g electrons 
per unit of time is proportional to 6Nz, if we assume that the chance of 
an electron scattering an x-ray corpuscle is independent of the velocity 
of the electron. We may therefore repiace Ng by 5N, in Eq. (15) if we 
multiply the right hand member by a proportionality constant k. This 
number 6N, is spread over a wave-length range represented by (/;—/:) 
as given by Eq. (12). Hence the number intensity of the x-ray corpuscles 
scattered at an angle @ by electrons between the azimuths A and A+dA 
is dly where 


dIy = kNef(A)dA/(4r+/2a, Xsin}¢) , (18) 


- f’(A) =(n,4/n')(1+6€ cos A)*s/142¢ cos A+e? . (19) 

Since according to Eq. (12) the wave-length range (/,—/,) decreases 
with increase of A, the number intensity of the x-ray corpuscles at the 
edges of the band of wave-lengths produced by electrons in azimuth A is 
equal to the sum of the number intensities produced by electrons between 
the azimuths 0 and A when all the electrons of the total azimuthal range 
0 to 7 are operative in the scattering process. Hence the number intensity 
at the edges of the wave-length band produced by electrons in azimuth 


kN 
I,=— - x [rae (20) 
4n\/Qa, sin i3¢ 


I, is a function of the upper limit A and we therefore introduce the 


function 
A 
aye fo rayaa. (21) 
0 


This function is independent of the scattering angle @ and also of the 


Ais 


binding energy a,, and depends only upon the total and azimuthal 
quantum numbers. These are the same for a given type of L or M orbit 
irrespective of the particular atom in which the orbit occurs. f(A) has 
been obtained by graphical integration for the orbits shown in the follow- 
ing table. 
TABLE I 
Values of function f(A) 


Curve Orbit Total quantum Azimuthal quantum Eccentricity 
number, n number, 

I L. 2 0.866 

I M 3 0.745 

I M 3 0.943 


I 
I] 





COMPTON EFFECT; INTENSITY OF THE MODIFIED BAND 729 


In order to facilitate comparison with experimental data, the quantity 


F(A) = +(n/n.)</1+ 2e cos A+ (22) 


is introduced. Instead of plotting f(A) against A, it is plotted against 
F(A) and the curves I, II, and III of Fig. 3 obtained. The curves are 
shown for values of F(A) for the range of —1.4 to +1.4. Outside of this 
range the ordinates are very small. The curves are all drawn to the 
same scale. The curved parts are obtained from the appropriate values 
of A, the highest point of the curved portions being obtained when 
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Fig. 3 


A =180°. It is seen that these highest points are joined by a horizontal 
line. This is because within the wave-length range of the x-ray corpuscles 
scattered by the electrons of azimuth A = 180° the number intensity is 
constant. Curve IV of Fig. 3 is for scattering by electrons in a circular 
orbit when m,=n and e=0. This curve is drawn to the same scale as 
curves I, II, and III. 
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3. APPLICATION TO EXPERIMENT 


Scattering from carbon. We shall consider the scattering of MoKa 
x-rays at 30° and 90°. Taking ¢=30° we have Ao=0.71 A, which gives 
aj=0.034. The values of a, for the electrons in the various orbits in 
carbon are shown in Table II. The values of \, are obtained from curves 
given by K. T. Compton and F. L. Mohler.® 


TABLE II 
Scattering from carbon 


Orbit Na i. a, Number of electrons 


per atom 
K 1 47A 00051 

Li 2 1200 000020 

Ls 1 350 .000069 


From Eq. (11) the value of /—1 for the center of the modified line at 
¢ = 30° is 0.00456, and the value of the wave-length shift of the center 
of the modified line from the unmodified line is Ao(J/—1) or 0.0032 A. 
The wave-length width for a circular orbit is 4\o./2a, Xsin}@ or 0.735 
\/2a, A. For the K electrons this is 0.0235 A. Hence the modified band 
extends to .0117 A on either side of the center of the band. The number 
intensity of the x-ray corpuscles scattered by the K electrons will be 
taken as unity as shown by curve K of Fig. 4, where the abscissas are 
now values of the wave-length shift A,—A» in angstroms. For the 
Lin electrons the wave-length width is 0.0046 A, or a range of 0.0023 A 
on either side of the center. It has been assumed that the chance of an 
x-ray corpuscle being scattered by an electron is independent of the 
velocity of the electron in its orbit and hence the number intensity of 
the corpuscles scattered by a given number of electrons varies inversely 
as the wave-length width. The intensity is therefore .0235/.0046 times 
the intensity for scattering by the K electrons since there are as many K 
electrons as Ly; electrons in an atom of carbon. Hence the horizontal 
portion of the Ly; curve of Fig. 4 is 5.1 units above the wave-length axis. 

In order to obtain the intensity curve for the scattering by the L; 
electrons we proceed as follows. The value of 49./2a, Xsin}@ for these 
electrons is .0086 A. If the orbits were circular the wave-length band 
would extend to 0.0043 A on either side of the center of the modified 
band and the intensity would be .0235/.0086 or 2.7 times the intensity 
produced by the K electrons, since there are as many K electrons as Ly 
electrons. The broken curve of Fig. 4 is for the L; electrons on the 
assumption that the electrons move in circular orbits. The electrons how- 


®K. T. Compton and F. L. Mohler, Nat. Res. Council Bull. No. 48, pp. 106-109 
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ever move in elliptic orbits (n= 2, m.=1) and we make use of curve I of 
Fig. 3 to obtain the true curve for the L; electrons. Let us imagine curve 
IV, Fig. 3 to be distorted so as to fit the broken curve of Fig. 4 by multi- 
plying the ordinates and abscissas of curve IV Fig. 3 each by the appro- 
priate factor, then if the same distortion applies to curve I Fig. 3, this 
distorted curve will be the true curve for the L; electrons. This curve is 
shown as curve L I in Fig. 4. The ordinate of the horizontal portion of 
curve I Fig. 3 is 1.99 times as great as the ordinate of the horizontal 
portion of curve IV Fig. 3. Hence the horizontal portion of curve L I 
Fig. 4 is 1.99X2.7 or 5.37 units above the wave-length axis. 
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So far we have made no use of Assumption III of the previous paper. 
This assumption requires that the least possible change.of wave-length 
on scattering is Ag?/(A,—Ao). For the K electrons, this least value is 
0108 A and is represented by the vertical line A in Fig. 4. This means 
that the area to the right of line A and under curve K, Fig. 4, represents 
the number of x-ray corpuscles scattered by the K electrons with change 
of wave-length, while the area to the left represents the number of x-ray 
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corpuscles scattered without change of wave-length. The ratio of the 
two areas is .0041/.0193 or 0.21. This means that, of the x-ray corpuscles 
scattered by the K electrons at 30°, 17.3 per cent are scattered with change 
of wave-length and 82.7 percent without change of wave-leggth. For 
the Li; electrons the least possible change of wave-length is 0.0004 A. 
This is represented by the line B. In this case, however, the whole of the 
area under curve L III, Fig.4, is to the right of line B. Hence ail the x-ray 
corpuscles scattered by Li: electrons are scattered with change of wave- 
length. For the L; electrons the least possible change of wave-length 
is .0014 A, which is represented by the line C. The ratio of the area under 
curve L I which is to the right of line C to that which is to the left of line 
C is 3.8. Hence, of the x-ray corpuscles scattered by the L; electrons, 79 
percent are scattered with change of wave-length and 21 percent without 
change of wave-length. Hence when all of the K, L; and Ly, electrons 


are operative in the scattering process we have, since there are equal 


numbers of each group, that of the scattered x-ray corpuscles 65.4 per 
cent are scattered with change of wave-length and 34.6 percent without 
change of wave-length. 

The ordinates of the portions of the curves K,L II],and L I Fig. 4 which 
are to the right of the lines A, B, and C respectively are added together, 
obtaining curve I Fig. 4. This curve represents the intensity of the x-ray 
corpuscles scattered with different changes of wave-lengths.. The experi- 
mental curve of the energy intensity against the change of wave-length 
will only approximate curve I Fig. 4. The reasons are (1) this curve is a 
number intensity curve and not an energy intensity curve, and even as 
a number intensity curve the curve is an approximation, as will be seen 
by referring to section 2 of this paper. The energy intensity curve may 
be obtained by dividing each ordinate of curve I Fig. 4 by the appro- 
priate value of /=\,/Xo. The greatest value of / is 1.02 and the least 
value 1.001 so that the energy intensity curve only differs slightly from 
curve I. (2) An experimental apparatus always has a finite resolving 
power; hence the sharp angular discontinuities of curve I Fig. 4 cannot 
be observed experimentally. The experimental curve however should 
show a width of the modified band and an intensity at the center of the 
band (neglecting the band due to the K electrons) in approximate agree- 
ment with curve I Fig. 4. 

We next consider the relative intensities of the modified band and of 
the unmodified line. In Compton’s experiments’ the primary Ka, and 
Ka; lines of molybdenum are not separated. Since the distance between 


7A. H. Compton, Phys. Rev. 22, 408 (1923) 
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these two lines is .004 A, the spectrometer arrangement has a resolving 
power not greater than that corresponding to a wave-length width of 
.002 A. Hence we may take the primary x-ray corpuscles and also the 
unmodified scattered x-ray corpuscles as being spread over a wave-length 
range of .002 A. We have seen that of the x-ray corpuscles scattered by 
the K electrons 82.7 percent are scattered without change of wave-length. 
Before applying Assumption III of the previous paper we had 100 per- 
cent of the corpuscles scattered by the K electrons and these were dis- 
tributed over a wave-length range of .0235 A giving an intensity which 
we have represented as unity in Fig. 4. The intensity produced by 82.7 
percent of the corpuscles spread over a range of 0.002A is therefore 
.0235 X.827/.002 or 9.2 units. For the L; electrons, 21 percent of the’ 
corpuscles are scattered without change of wave-length, so that the 
intensity of the unmodified corpuscles scattered by the L; electrons is 
.0235 X.21/.002 or 2.5 units. Hence the total intensity of the unmodified 
line as scattered by all the electrons is 9.2+2.5=11.7 units. The in- 
tensity of the center of the modified band is seen to be 10.47 from curve I 
Fig. 4. Hence the ratio of the intensity of the modified to that of the 
unmodified line is 10.47/11.7=.90. Due to the resolving power repre- 
sented by a wave-length width of 0.002 A, the short wave-length side of 
the modified band will overlap the long wave-length side of the un- 
modified line so that the modified line will appear to be very indistinct. 

For @¢=90°, the valtie of ]—1 for the center of the modified band is 
0.034, and the wave-length shift from the unmodified line is 0.0242 A. 
The wave-length width of the modified band for a circular orbit is 
(2.01+/2a,) A. Hence if we shift the center of each of the curves K, LIII 
and LI, Fig. 4, to A,—Ae=0.0242 A from A,—Ao=0.0032 A, and if we 
multiply the horizontal distance of each point on these curves from the 
ordinate through A,—Ao=0.0032 A, Fig. 4, by 2.01/0.735, we obtain 
the curves for ¢=90°. The positions of the lines A, B and C however 
are independent of the angle of scattering and therefore remain the same 
as before. The ordinates of each of the curves to the right of the lines A, 
B and C are added, thus obtaining the intensity curve for the modified 
band when the K, Ly and L; electrons are all operative in the scattering 
process. This curve is shown in curve II Fig. 4. Again assuming a resolv- 
ing power represented by 0.002 A we can calculate the relative intensities 
of the modified band and the unmodified line. For ¢ =90° all of the Ly; 
electrons scatter with change of wave-length while practically all of the 
L; electrons do likewise. It is only 25 percent of the K electrons which 
scatter without change of wave-length. Hence the intensity of the 
unmodified line is 0.25 <0.0526/0.002 since the value of (1;—J/2)Ao for 
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¢ =90° is 0.0526 A. Here we take the unit of scattered intensity as being 
the intensity due to scattering by the K electrons alone at 90°. In our 
units therefore the intensity of the unmodified line is 6.58. The intensity 
of the most intense part of the modified band is seen by reference to 
curve II Fig. 4 to be 11.47. The ratio of the intensities of the modified 
and unmodified lines is therefore 1.74. In the case of scattering at 30° 
this ratio was 0.90. The modified band therefore stands out much more 
prominently for ¢=90° than for ¢=30°. Furthermore there is no over- 
lapping of the short wave-length edge of the modified band with the 
long wave-length edge of the unmodified line. Taking into account 
these two facts the modified band should be much more distinct on a 
photographic plate taken at ¢=90° than on a plate taken at ¢=30°. 
Ross® has found this to be so. 

Scattering from sulfur. Compton and Mohler* give the following values 
for sulfur 


TABLE III 


Scattering from sulfur 


Orbit n «a a, Number of electrons 
per atom 

K 

Li 


AA .00474 
.2 .00029 
1 .00044 
0 .00002 
0 .00007 


Mir 
Myr 


1 


1 
2 
Ly 2 
3 
3 


1 
3 

The curve for the intensity of the modified band at ¢=30° when all 
of the K, L and M electrons are operative in the scattering process is 
shown in curve I Fig. 5. This is a composite curve similar to curve I 
Fig. 4. In arriving at this curve use is made of curves II and III Fig. 3 in 
the calculation of the intensities of the modified bands scattered by the 
Mir and M; electrons respectively. The values of \o?/(A,—Ao) for the K, 
Lin, L1, Mu and M; electrons are 0.114, 0.0061, 0.0093, 0.00042, 0.00145 A 
respectively and the percentage of unmodified corpuscles scattered 
by each of these types of electrons is 100, 66, 90, 1, 13 respectively. The 
intensity at \,—Ao=A vers ¢/mc=0.0032 A is 65 units, the unit being 
the scattered intensity due to the K electrons if Assumption III of the 
previous paper is inoperative. The unit is similar to the unit in the 
curves of Fig. 4. Assuming a resolving power represented by 0.002 A, 
the intensity of the unmodified line is 154 units and the ratio of the 
intensity of the modified to that of the unmodified line is .42. Hence 
for scattering at ¢=30° the intensity of the modified band for sulfur is 


8 P. A. Ross, Phys. Soc. Meeting, Dec. 29-31, 1924 
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much less for the same intensity of the unmodified line than for carbon 
where the ratio is .90. As in the case of carbon there will be overlapping 
of the modified and unmodified lines due to a finite resolving power 
and the unmodified line will be very indistinct. In fact, for sulfur at 
¢ = 30° a photographic plate would very likely give little or no evidence 
of the existence of a modified line at A, —do = .0032 A. 

The curve for the intensity of the modified band at ¢ = 90° is shown in 
curve II Fig. 5. The percentage of unmodified corpuscles scattered by 
each of the K, Li, Li, Mi, and M;, types of electrons is 96, 12, 12, 0 and 
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Fig. 5. Intensity of modified scattered rays from sulfur. 


0 respectively. The intensity at \ —Ao=hA vers ¢/mc =0.0242 A is 86 
units, while the intensity of the unmodified line assuming a resolving 
power represented by .002 A is 140 units. The ratio of the two intensities 
is .62. For carbon at 90° the ratio is 1.74. Hence at this angle the modified 
line for carbon stands out much more distinctly on a photographic plate 
than when sulfur is used. This may explain the difficulty which several 
experimenters (including the writer) have experienced in obtaining the 


modified line for sulfur. 





G. E. M. JAUNCEY 


4. DISCUSSION 


A theory has been developed which takes into account the effect of the 
momentum of the electrons in their Bohr orbits on the intensity of the 
modified band in the Compton effect. The theory requires an increase of 
the intensity of the modified band relative to that of the unmodified band 
as the angle of scattering is increased. This is in qualitative agreement 
with experiment. Also the theory requires for a given angle of scattering 
a decrease of the intensity of the modified band relative to that of the 
unmodified line as the atomic number of the scatterer increases.* This 
agrees qualitatively with experiment. The theory predicts a finite width 
of the modified line and this finite width is shown in the experimental 
curves of Compton’ and Compton and Woo.’ It is for this reason that 
the writer has used the phrase ‘‘modified band” in this paper. Due to 
this finite width it seems that the modified Ka; and Ka, lines cannot be 
separated since the two modified bands overlap even when the Ka, and 
Kaz lines are separated in the unmodified line. However it may be possible 
in the case of scattering by paraffin to separate the molybdenum Ka, and 
Kaz lines in the modified band. It may be that the binding energy of some 
of the electrons in this compound is so small that the width due to this 
fact is less than the separation of the two spectrum lines. 

In conclusion, it should be noted that the numerical values of \, given 
in Tables II and III are only approximate, in fact they have been inter- 
polated in some cases. The values are in some cases calculated from the 
ionization potentials and there is some doubt as to whether these po- 
tentials may not be excitation rather than ionization potentials. The 
curves given in Figs. 4 and 5 can therefore be considered as only 
approximate. 


WASHINGTON UNIVERSITY, 
St. Louis, Missour!1, 
January 20, 1925. 


* Note added April 29. In addition the theory requires that the relative intensity of 
the modified band increase as the wave-length of the primary x-rays decreases. 
* Compton and Woo, Proc. Nat. Acad. Science 10, 271 (1924) 
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NOTE ON THE -DEPENDENCE OF THE INTENSITY 
OF THE COMPTON EFFECT UPON THE 
ATOMIC NUMBER 


By BERGEN Davis 


ABSTRACT 


Intensity of the displaced scattered radiation as a function of atomic number. 
—Theory. The integrated intensity of the scattered radiation S is shown to be 
proportional to b/s*\* where z is the atomic number or number of orbital 
electrons and b is the fraction of these that take part in the scattering. Relative 
intensity for paraffin, aluminum, sulphur and calcium for MoKa radiation was 
found to be 8, 1.25, 0.7 and 0.35. All radiators were of the same dimensions 
and were carefully placed in the same position by means of guides. The 
results give the product Sz’ as constant except for paraffin for which, if we take 
z=6 the product is too small. So far as they go, the results indicate that 6 is 
constant and suggest that all the orbital electrons take part equally in the 
scattering effect. 


N ATTEMPTING to measure the displaced scattered frequency, 
a most noticeable effect is the decrease in intensity of the scattered 


radiation as the atomic number of the radiator increases. I have found 
the effect quite strong from paraffin, still stronger from lithium, while 
on the other hand the scattered radiation from copper was so weak 
as to be difficult of measurement by the spectrometer method. This 
decrease of energy is undoubtedly due to absorption of the incident and 
scattered radiation. 

The experiments were made with radiators of exactly the same dimen- 
sions and placed in exactly the same position relatively to the x-ray tube 
and the slits of the spectrometer. This being the case, it is not necessary 
to integrate the incident and scattered radiations over the various angles 
of incidence and emergence, since such integration will give a constant of 
the same value for all the elements. One can proceed quite simply to find 
the intensity of the scattered radiation in terms of the absorption and 
the wave-length. If J is the intensity of the incident radiation of wave- 
length A, the intensity at any depth x will be 


I = Ie (1) 
Let f; be the fraction of this radiation scattered in the observed direction 
from an element dx at a depth x. Then 
dS = filer) dx = fil oem (1 +4 aX) *dx 
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where je is the coefficient of absorption of the displaced scattered radia- 
tion and a is the ratio of the paths of the incident and scattered rays in 
the specimen. The integrated intensity S of the displaced scattered radia- 
tion is then 

p= fil o/ (ust ape) 
where »=the number of electrons per unit volume, taking part in the 


scattering. The mass absorption is equal to kM’ and the two wave-lengths 


are so nearly equal that one may write 


nC fy I 0 
p ky§ 


where p is the density, and ¢ and & are constants. 
If the scattering per electron may be considered constant, and if b 
represents the fraction of the number of orbital electrons z in each atom 


that take part in this scattering effect, the above becomes 
S=K,b/Az*d* (4) 


where K;, is a constant for each element. This shows at once that the 
scattered energy increases rapidly with the frequency of the exciting 
radiation. This, I believe, is found to be true by experiment. 

Since the atomic weight A is proportional to the atomic number zg, the 


scattered radiation may be represented by (from 4) 
S=Kb/z' (5) 


for a constant wave-length X. 


EXPERIMENTS 


The experiments on the scattered energy were made with four sub- 
stances, paraffin (largely carbon), aluminium, sulphur and calcium. 

The scattered radiation was observed with an ionization spectrometer. 
The distance between forward and rear slits was 30 cm. The slit width 
was 2mm. The wave-length of the scattered radiation was displaced 
in accordance with the explanation of the effect proposed by Compton. 

The four specimens were of exactly the same dimensions in every par- 
ticular. Special guides were provided so that each specimen could be 
placed in exactly the same position. The source of radiation was a water 
cooled molybdenum tube driven at a*constant voltage of about 40 kv. 
The total energy was about one kilowatt. 
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The relative energies observed are given in the table, where S, is the 
observed intensity of the displaced line 
Z Se ZS, ZS 
Paraffin 6(?) & 288 1730 
Aluminium 13 1 215 2750 


Sulphur 16 7 180 2870 
Calcium 20 a 140 2800 


The product Z°S, is more nearly constant than Z?S,. Paraffin, how- 
ever, does not agree with the other three elements. This departure in 
the case of paraffin may be in error. 


So far as they go the results indicate that the scattering varies inversely 
as the cube of the atomic number. This is in agreement with Eq. (5) if 
b is constant. The results suggest that all the orbital electrons take 
part in the scattering effect. This is to be expected, as the frequency 


and energy of the exciting radiation (A=.7077) was very much greater 
than the highest natural frequencies of these atoms. The binding forces 
are too feeble to affect the exchange of momentum appreciably. 

The expression containing the wave-length \ shows that the effect 
would be very small with smaller frequencies, such as copper Ka(\1.537), 
and would be difficult of observation. On the other hand, the charac- 
teristic radiation from tungsten is well suited for the investigation of this 
effect, particularly with the elements of higher atomic number. 

I wish to acknowledge the assistance of Dr. H. M. Terrill in mak:ng 
the spectrometer observations. 


PHOENIX PHYSICAL LABORATORIES, 
COLUMBIA UNIVERSITY, 
March 12, 1925. 
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CHAKACTERISTIC X-RAYS FROM LITHIUM 
By GERHARD K. ROLLEFSON 
ABSTRACT 


Critical potentials for metallic lithium, determined photo-electrically.— A pre- 
viously described method! has been used to determine radiation and ionization 
potentials of metallic lithium. The values obtained are 39.2, 43.07, and 46.0 
volts as radiation potentials and 48.4 volts as the ionization potential. In terms 
of energy levels these are interpreted as corresponding to the differences 1,—2,, 
1,22, 1:-3:, and 1; o@ respectively. 

Ka lines of light elements.—The radiation potential at 43.07 volts corre- 
sponds to the Ka line of lithium. This value is used to extend the Moseley 
curve for the Ka lines, and the values for the other light elements are obtained 
by interpolation. The wave-lengths in angstrom units given for these elements 
are: Li, 286.5; Be, 132.8; B, 74.4; C, 49.0; N, 33.2; O, 24.4; F, 18.6; Ne, 14.8. 


N a previous paper' a method has been described for determining 


critical potentials of solids. This method has been used to determine 
the critical potentials corresponding to the x-ray spectrum of lithium. 


EXPERIMENTAL DETAILS 


The apparatus used was essentially the same as that described pre- 
viously except that the target was mounted so that it could be water 
cooled if desired. The target consisted of Kahlbaum’s metallic lithium 
mounted on a brass base. In order to have a clean surface of metal ex- 
posed to the electron bombardment the coating of oxide and nitride was 
scraped off and the surface dipped in liquid naphthalene which solidified 
to form a protecting coating which could be pumped off after the target 
had been sealed into the tube. The tube was thoroughly baked and 
evacuated so that the pressure never exceeded 10-° mm while readings 
were being taken and was usually considerably lower. 

The intensity of the radiation from the lithium was so low that after 
a few runs the effect of the strong general radiation from the thin film 
of tungsten which distilled from the filament on to the target became 
sufficient to obliterate the breaks due to the excitation of characteristic 
lithium radiation. The disturbing effect of the general radiation of 
tungsten could not be eliminated entirely since it is necessary to heat the 
filament for some time before vacuum conditions become sufficiently 
good to make quantitative measurements. The rate of contamination 


' Rollefson, Phys. Rev. 23, 35 (1924) 
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of the target, however, was materially reduced by using filaments 
which had been treated with thorium oxide so that they could be operated 
at a lower temperature. 

The experimental procedure followed was essentially the same as that 
for the low voltage work on iron. The filament was kept at a constant 
temperature throughout the run so as to maintain the initial conditions 
in the tube as constant as possible. The accelerating potentials were 
applied from the negative end of the filament to the target. The potential 
drop across the filament varied with the filament from 0.8 to 2.0 volts. 
Larger potential drops could not be used without increasing the interval 
between readings which would mean a decrease in the accuracy of the 
work. 

Some preliminary measurements were made with a pressure of approxi- 
mately 10 mm in the tube soon after starting to heat the filament. 
Under these conditions accurate measurements could not be obtained 
but it was possible to get an approximate determination of the voltage 
range in which the characteristic radiation of lithium is excited, before 
the effect of the tungsten distilled from the filament became appreciable. 
These results indicated that with a fresh target, accelerating potentials of 
less than 40 volts produced practically no radiation capable of giving a 
photo-electric current from a platinum plate. This is not surprising since 
the frequencies corresponding to the “‘optical”’ series of lithium are less 
than the threshold frequency of platinum and the general radiation from 
such a light element is extremely low. Therefore it is to be expected that 
the photo-electric current would be very small until the x-ray spectrum 
of lithium is excited. 

Accurate measurements were made over the range from 30 to 60 volts. 
The results show three very reproducible critical potentials and in some 
cases a fourth one at a higher value. One of the curves obtained is shown 
in Fig. 1. (The fourth break is quite marked in this case but in some of 
the other curves it did not show at all.) The absolute values at which 
the breaks in the curves occurred varied somewhat with the different 
targets and filaments but the differences between breaks remained 
constant. The results obtained in one set of four consecutive runs with 
the same filament and target are given in Table I. 


TABLE I 
2 3 
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Since the filament is at a much higher temperature at the center than it 
is at the ends, most of the bombarding electrons start from a potential 
more nearly that of the center of the filament than that of the negative 
end, therefore the values given in the above table should be shifted an 
amount corresponding to half the total potential drop across the filament. 


Making this change for the set of runs given in Table I, the values 39.2, 


43.05, 46.0, and 48.4 volts are obtained. Due to uncertainty in the initial 
conditions the absolute values of these critical potentials may be in 
doubt as much as half a volt. The values for the differences were found 
to be 3.87+.15 volts between 1 and 2, and 2.95+.15 volts between 
2 and 3. 























40 50 


Fig. 1. Photo-current as a function of accelerating voltage. 


There are two other corrections that must be considered in this work. 
K. T. Compton has pointed out that the true critical potential is repre- 
sented by the potential through which the electron falls in going from 
the filament to the target plus the work function of the target. The 
effect of the work function of the target has been neglected in earlier 
work but it is apparent that it must be considered in order to determine 
the total energy possessed by the electron at the time it excites an atom 
in the target. The work function of lithium may be obtained from 
Millikan’s value for the photo-electric threshold? or the long wave-length 
limit 5263A which corresponds to 2.34 volts for the work function. 

The other correction to be made is that for the contact potential 
between the filament and the target. The tube was not arranged so that 
this could be determined directly but an approximate value may be 
calculated from the values for the work functions of tungsten and lithium. 


? Millikan, Phys. Rev. 18, 236 (1921) 
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For tungsten Davisson and Germer'® give 4.50 volts. The difference is 
2.16 volts and is a retarding potential for electrons going from the tung- 
sten to the lithium. As this is opposite in sign to the other correction 
and is equal in magnitude to it within the limits of the experimenta! 
errors involved in their determinations, therefore the two cancel each 
other and we may take as the final corrected values 39.2, 43.07, 46.0, 
and 48.4 volts. 
DISCUSSION OF RESULTS 

According to the Bohr theory the neutral lithium atom consists of a 
nucleus with three positive charges, two electrons in 1, orbits, and one 
electron in a 2, orbit (Bohr notation used). The energy states to which 
the 2, electron may be resonated have been determined by a study of the 
arc spectrum of lithium. The energy necessary for the complete removal 
of this electron is 5.33 volts. If lithium is bombarded by electrons with 
greater energy no new characteristic radiation can be excited until the 
energy of the bombarding electrons becomes sufficient to raise one of the 
1, electrons to an orbit of higher quantum number. If the electron is 
raised to the 2, level it is to be noted that characteristic radiation can 
not be produced by the direct return of this electron to the 1, level since 
such a transition is prohibited by the selection principle. In such a case 


the atom must return to its normal state in some other way. One pos- 
sibility is that one of the electrons in the 2, level of the excited atom may 


be raised to the 22 or some higher level, either by absorption of radiation 
or by a second electron impact, and then drop back to the 1, level. 
Another possibility is that a free electron from the metal or one of the 
bombarding electrons may fall directly to the 1, level, one of the 2, 
electrons being released at the same time. Either of these processes . 
would produce a new type of radiation; therefore any study of critical 
potentials of lithium by the photo-electric method might be expected 
to show a critical potential corresponding to the 1,— 2; transition 
although the radiation actually produced would have a frequency corre- 
sponding to a greater energy difference. If the electron is resonated to a 
higher level than the 2; it can return to the 1, either directly or in two or 
more steps without the aid of an outside agency. 

Considering the results which have been obtained the most natural 
assumption to make is that the first critical potential observed corre- 
sponds to the transfer of an electron from the 1, to the 2, level, and the 
second to a transfer from the 1, to the 22. If this is the case the difference 


* Davisson and Germer, Phys. Rev. 20, 300 (1922) 
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between the two is equal to the energy necessary to change the atom from 
a condition in which it has one electrcn in the 1, level and two in the 2, 
to a condition in which it has one in each of the 1;, 2:, and 22 levels. 
This value should be comparable to the differences between the 2; and 
22 levels in other atoms in which the field of force in the vicinity of the 
two quantum orbits is approximately the same as in the excited lithium 
atom. One system of that type is the beryllium atom. Some of the term 
values for beryllium have been calculated by Birge;‘ he gives the 2; to 
2, difference as 3.44 volts. Another system of this type is Li* for 
which Schiiler® has found the 2; to 22 difference to be 4.2 volts. The 
presence of another electron in the 2; level would decrease this difference 
somewhat, therefore the value 3.87 volts, observed in these experiments, 
is about what might be expected for the type of change postulated above. 

The third critical potential may correspond to resonance to one of 
the three quantum orbits. For beryllium Birge gives 6.9 volts as the 
difference between the 2; and 3, levels. The observed difference between 
the first and third breaks in the curves for lithium is 6.8 volts, hence 
the third break is attributed to resonance from the 1, to the 3; level. The 
higher levels are too close together to be resolved by the apparatus used 
in these experiments, therefore the fourth break probably represents 
ionization rather than resonance. As a check on this hypothesis we may 
again refer to Birge’s values for beryllium. He gives 9.9 volts as the 
ionization potential, which is in fair agreement with the difference of 
9.2 volts between the first and fourth breaks obtained for lithium. To 
summarize, the four observed critical potentials are interpreted as 
follows: 39.2 volts (1:-+2;), 43.07 volts (1:-+22), 46.0 volts (1:3), 
and 48.4 volts (1:— © ). 

According to this interpretation the break at 43.07 volts corresponds 
to the Ka line of lithium and thus supplies a point for use in the exten- 
sion of the Mosely curve for the Ka lines. Another point which may be 
used in this connection is the value for the Ka of carbon obtained by 
Lukirsky® using a different method from the one described in this paper. 
His value is \=48.9A, v/R=18.60. The curve using these values for 
lithium and carbon, Hjalmar’s’ values for the elements from sodium to 
chlorine, the first Lyman line of hydrogen, and the 1S— 2P line of helium, 
is shown in Fig. 2. It is to be noted that the line apparently continues 
perfectly straight down to lithium, only helium and hydrogen being off 

‘ Birge, J. Opt. Soc. Amer. and R. S. I. 8, 233 (1924) 

5 Schiiler, Naturwissenschaften 12, 579 (1924) 


* Lukirsky, Phil. Mag. 47, 466 (1924) 
7 Hjalmar, Zeits. f. Physik 1, 439 (1920) 
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this line. This curve may be used to obtain the values of the Ka lines of 
the intervening elements by interpolation. These interpolated values 
together with the observed values for carbon and lithium are given in 
Table II. 


TABLE II 











Ka lines of light elements 
Atomic number Element Critical potential »/R Wave-length 

3 lithium 43 .07 volts 3.18 286.5A 
4 beryllium 93.0 6.86 132.8 
5 boron 166 12.25 74.4 
6 carbon 252 18 .60 49.0 
7 nitrogen 372 27 .46 33.2 
8 oxygen 507 37.45 24.4 
9 fluorine 664 49 .00 18.6 

10 neon 835 61.77 14.8 
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Fig. 2. Moseley curve for Ka lines of light elements. 


Other investigations concerning the excitation of the K electrons 
of lithium have been carried on by Mohler,* Holtsmark,* and McLennan 
and Clark.'® Mohler, studying the low voltage arc spectrunr of lithium, 
found that a line due to Li* appeared in a long exposure at 45 volts." 






8 Mohler, Science 58, 468 (1923) 
* Holtsmark, Phys. Zeits. 24, 225 (1923) 

“ McLennan and Clark, Proc. Roy. Soc. A 102, 389 (1923) 

" For the classification of the lines due to Lit see Schiiler, loc. cit.5 
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This line could not appear before the arc voltage became high enough to 
resonate a 1, electron, therefore, this experiment shows that the reso- 
nance potential lies below 45 volts. McLennan and Clark found three 
critical potentials at 13, 31.8, and 37 volts but their published curves 
are so radically different from those obtained by other investigators in 
this field that it is quite likely that there were disturbing influences in 
their tube which materially affected the results. The work by Holtsmark 


was done with lithium in the combined state. He took readings at five 


volts intervals and therefore failed to find any resonance points, observing 
only the general rise of the curve after passing ionization. His value for 
the ionization of the 1, level is 52.6 volts (two published values are 52 and 
54 volts). This is somewhat higher than the value obtained by the writer 
for metallic lithium as might be expected since in the compound the 
lithium atom has “‘lost’”’ its valence electron to some other atom. If this 
electron were completely removed from the system the ionization poten- 
tial of the 1, level would be increased about 9 volts. Actually the electron 
is only slightly displaced so that the observed effect should be con- 
siderably smaller. This probably is the principal reason for the difference 
between Holtsmark’s value and that given in this paper.* 
DEPARTMENT OF CHEMISTRY, 


UNIVERSITY OF CALIFORNIA. 
March 13, 1925. 


* Note added April 30, 1925.—Since the above was written a direct determination 
of the Ka line of fluorine has been published by Bicklin, Siegbahn, and Thoraeus (Phil. 
Mag. 49, 513, 1925). Their value of 18.37A is in good agreement with the interpolated 
value 18.6A given in this paper. 

Another deterniination of the K limit of lithium, using lithium fluoride as a target, 
was published recently by Miss Levi (Trans. Roy. Soc., Canada 18, III, 159, 1924). Her 
value of 47 volts agrees fairly well with that given in this paper, in fact Fig. 3 of her 
paper actually shows the break at 48 volts. She also gives three lower excitation limits 
at 8.4, 16.9, and 24.3 volts interpreting them as corresponding to the energy necessary 
to remove the L electron from one, two, and three atoms. The energy necessary to 
remove the L electron from lithium is known quite accurately from ordinary spectro- 
scopic data and is 5.368 volts, hence the lower limits observed by Miss Levé are probably 
not due to lithium but to the fluoride ion which was present in the target. 
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AN INVESTIGATION OF THE TUNGSTEN X-RAY 
EMISSION AND ABSORPTION SPECTRUM 
WITH A VACUUM SPECTROMETER 


By R. V. ZUMSTEIN 
ABSTRACT 


M series lines of tungsten.— Using a cast bronze x-ray tube and a vacuum 
spectrometer, the M series of tungsten has been studied both in emission and 
absorption. A new type of window for the x-ray tube was made by grinding 
lampblack with collodion. In the emission spectrum between 7A and 5A, two 
faint lines have been observed: ; =6.857 and n:=6.789A. Two components 
of the a and 8 lines have been measured a’ =6.948, 8’ =6.720A, confirming 
the work of Hjalmar. In the absorption spectrum five lines M; — M; have been 
observed at 6.708, 6.475, 5.416, 4.800, 4.365A. The wave-length of the first 
two are less than their predicted values by an amount (about 2 percent) 
which is greater than the probable limits of error (+.006A). M; has a com- 
ponent M;’=5.380A. Ms; is very weak. 


HE following article is a report on a portion of the study undertaken 
in this laboratory of the x-ray spectrum of one element. Tungsten 
was chosen as it seemed possible to study the K, L and M series both 
in emission and absorption. This work on the M series is reported in 
this article. 
EXPERIMENTAL METHODS 


A vacuum spectrometer and x-ray tube were constructed similar to 
that described by Siegbahn.' The x-ray tube was a bronze casting. The 
interior of the tube was coated with a layer of solder. A tray of phos- 
phorus pentoxide absorbed water vapor. The spectrometer was evacu- 
ated with an oil pump and the tube with a mercury vapor pump. The 
voltage on the tube, which was between two and four thousand volts, 


was supplied by a transformer. A rectifying device was not necessary 
as at these low voltages the tube rectified the current itself. A three 
thousand volt d.c. generator set was also tried. It was necessary to use 
compound wound generators since the sudden appearance of small traces 
of gas in the tube caused a surge through the tube. With shunt wound 
generators this might reverse their polarity or puncture the field coils. 
If 3000 volts were required on the tube it would be of advantage to have 


5000 volts at the generator. This would permit the insertion of a large 
inductance and a resistance in the circuit which would tend to minimize 
the disastrous effects of these surges. 


‘ Siegbahn, Ann. der Phys. 59, 56 (1919) 
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The filament was a 25 mil (.62 mm) tungsten wire placed about 3 mm 
from the target. No space charge effects were observed. This is probably 
due to the presence of mercury vapor from the pump. Due to this mer- 
cury vapor the filaments sputtered and had to be renewed in about 20 
hours. Some of the tungsten from these sputtered filaments was deposited 
on the copper target where it was useful in giving the tungsten emission 
lines and as a strong continuous radiator for observing absorption spectra. 

A window was placed over the slit between the x-ray tube and the 
spectrometer. The purpose of this window was to separate the low from 
the high vacuum and also to keep the light from the tungsten filament 
from fogging the photographic plate in the spectrometer. The windows 
were made by grinding lampblack with collodion in a mortar and then 
pouring the solution on a glass plate. These windows do not transmit 
any light and being made of light atoms they should be transparent to 
x-rays. However in the region of 7A these windows absorbed a large 
proportion of the x-rays, perhaps 75 percent. In absorption spectra, a 
second window was used in which tungsten trioxide was ground up with 
collodion. 

The power supplied to the tube was about 1 kva. The width of slit 
used was .2 mm. The distance from the slit to the crystal and from the 
crystal to the plate were each approximately 12.9 cm. The crystal was 


of optical gypsum with a surface of about 3X7 cm. Using only a carbon 


window an exposure of 12 hours would give the continuous spectrum 
when the crystal was rotated through one degree. When the additional 
tungsten absorbing screen was used the exposures were between 75 and 
125 hours for the spectrum at 7A. 

All measurements were made with reference to emission lines. The 
wave-lengths of the reference lines were taken from Siegbahn’s article.* 
The wave-lengths were determined for each absorption line from two 
reference lines not farther apart than 1/2 cm. The distances on the plate 
were measured with a very low power traveling microscope which was 
focused on the long wave-length edge of both the emission and absorption 
lines. A more accurate method of determining wave-lengths was not 
necessary because of the lack of sharpness of the new emission and 
absorption lines here measured. 


EXPERIMENTAL RESULTS 


The emission spectrum of tungsten was investigated from 7A to 5A. 
A pure tungsten disk was used as a target. Later on, films of sputtered 
tungsten were found to give the same results. 


? Siegbahn, Jahrb. der Radioaktiv., April 1922 
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The emission lines a, 8 and y which had been measured by Stenstrom' 
and by Hjalmar‘t were found to be very intense. The a and 8 lines 
appeared sharp on both edges and with a faint component on the short 
wave-length side as reported by Hjalmar. The y line appeared broad 
and with both edges diffuse. Two new faint lines were observed on seven 
plates. Taking Stenstrom’s values for a and 8 as standard, the following 
measurements were made: a’=6.948A, 

m=6.857A, m=6.789A, 6’ =6.720A, 
(error +.006A). The a’ line appeared sharp on the short wave-length 
edge. The long wave-length edge was not separated from the a line. 
In this case the traveling microscope was focused on the short wave- 
length edges of a and a’. Exactly the same can be said of 8 and 8’. One 
cannot say whether the lines 7; and m2 are sharp or diffuse as they were 
just visible on the plate. 

The absorption spectrum of tungsten was investigated from 7A to 
4A. Table I gives for each absorption line the reference lines used. 
The fifth column gives for each plate the value obtained for the wave- 
length of the absorption line. In Table II are given the wave-lengths 
assumed for the reference lines. 


TABLE I 
Absorption M spectrum 


Reference lines Wave-length Mean 
WMa, WMg§, SiKa 6.710A 
SiKa 6.708 6.708A 
WMa, WMa 6.705 


WMa, WM8 
WMa, WMg 


SKa, PbMa 
SKa, PbMa 
SKa, PKs 
SKa 


483f 
467T 


an 


417 
418 
412f 
418 


Uuwuwnu 


SKa, PbMa 
SKa, PbMa 


374 
383 
383 


nn 


WM; 


MoLy, PbMs 
MoLy, SKA 
BiMs, PbMsg 
AgLa, MoLy, SKA 


M; AgLe, MoLy 
AgLa, AgLs 
AgLa, CIKg 
AgLa, CIK8 


wn 


793 
793 
808 
805 


363 
366 
373 
360 


es > > be 


t plate under-exposed 


*Stenstrom, Ann. der Phys. 57, 347 (1918) 
* Hjalmar, Zeits. f. Physik 15, 65 (1923) 





750 R. V. ZUMSTEIN 


The M, absorption line was found to be very close to the 8 emission 
line. It could be observed only by using molybdenum filaments in the 
x-ray tube. With these filaments the current through the tube could 
not be greater than .2 ampere. The time of exposure was one week. 
The tungsten emission lines are either entirely absent or faintly present. 


TABLE II 


Wave-lengths of reference lines 


WMa 6.973A SKa 5 361A PKB 5.786A AgLa 4.145A 

WMgs 6.745 SKA 5.012 MoLy 4.711 AgLp 3.926 

Sika 7.109 PbMa 5.273 BiMs 4.894 CiKgp 4.395 
PbMsB 5.065 


For the M; absorption line only two plates were obtained and they were 


both underexposed. 

Four plates were obtained of M;. It is accompanied by another 
absorption line which is here called M3’. M, was also obtained on several 
plates. The absorption at M; is very slight. Table III gives the wave- 
lengths of these absorption lines as found by experiment. The v/R 
values are added for comparison with the theoretical values which had 
been obtained by Crofutt,’ Bohr and Coster* and Sommerfeld.’ For all 
these absorption lines neither edge appeared sharp. This is probably due 
to the wide slit which was used, .2 mm. It was found impractical to work 
with a narrower slit. 


TABLE III 


Tungsten absorption spectrum, M Series 


Wave-length v/R values 
measured Observed Crofutt Bohr and Coster Sommerfeld 


M, 6.708A 135 .¢ 133 133 132.43 
M2 6.475 140 138 137 137 .03 
M; 5.416 168 168 167 166.7 

M;’ 5.380 169 

M, 4.800 189 190 188 188 .2 

Ms 4.365 208 207 207 206 . 86 


THEORETICAL CONCLUSIONS 


A recent article by Thoraeus* on the emission spectrum of tungsten 
in the M series, gives a list of seventeen lines expected by the selection 
principle, of which he has found thirteen. He has examined the spectrum 


5 Crofutt, Phys. Rev. 24, 9 (1924) 

* Bohr and Coster, Zeits. f. Physik 12, 347 (1923) 
7 Sommerfeld, Atomic Structure etc., p. 517 

§ Thoraeus, Zeits. f. Physik 26, 398 (1924) 
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from 9A to 4.4A. Several of these lines were apparently very faint on 
his plates. It appears as if an element in a solid target does not easily 
radiate those frequencies which originate from stationary states near 
the surface of the atom. It seems possible that the vacuum sparks as 
used by Millikan® in the extreme ultraviolet would be a much better 
source of the M series of tungsten since in this case the tungsten atoms 
are in the vapor state. , 

The emission lines a’, :, 72, 8’, which were observed on several plates, 
do not agree with the selection principle and were not observed by 
Thoraeus; also the line measured by him as M2Q ;,4=6.750A was not 
observed in this work. These differences may be connected with the 
voltages used on the tube. I have used a voltage which would not excite 
the second order spectrum. It may also be that his windows were more 
transparent to x-rays of this wave-length. 

In the absorption spectrum of tungsten in this series it is worth noting 
that the absorption at M; is very slight. An absorbing screen that would 
give M, satisfactorily must be made three times as thick to show Mj. 
This appears to be connected with the fact that the only emission lines 
known to originate from M; are the / and 7 lines of the L series and they 
are both of low intensity. 

The absorption at M;’ which is close to M; has not been predicted 
from theory. According to the table given by Bohr and Coster* an ab- 
sorption limit with v/R value of 169.4 could have the following origin: 
zirconium Le, lutecium M,, gold Me, mercury M;. This absorption could 
not be due to the gypsum crystal used nor to the mercury vapor since it 
was not obtained when the region of each absorption line was photo- 
graphed without an absorbing screen in the path. While we cannot be 
certain of its origin until the absorption at Ms; has been studied for other 
elements in the neighborhood of tungsten, the present evidence is that it 
is in the screen. 

It is to be noted also that M, and M¢ are displaced from their predicted 
positions by an amount which seems. to be larger than the errors of 
measurement. This is especially surprising when we consider that from 
the M,; and Msg levels originate such lines in the L series as a;, az and §. 
These are strong lines and their wave-lengths should be accurately known. 
This shows the desirability of obtaining direct experimental values of 


the absorption wave-lengths M,; and Mg for those elements between 


bismuth and tungsten. 


® Millikan and Sawyer, Phys. Rev. 12, 167 (1918) 
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On the whole, these results agree with the energy diagrams given in 
Sommerfeld’s book!® and the article by Bohr and Coster. They differ 
in a few points which require further study. 

Finally it is a pleasure to thank Mr. J. B. Dempster who did the 
excellent mechanical work on the apparatus and especially Professor 
G. W. Stewart who suggested the problem and under whose direction 
the work has been carried on. 


UNIVERSITY OF IOWA, 
February 1, 1925. 


1 Sommerfeld, loc. cit.” p. 513 
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PRECISION MEASUREMENTS OF THE LATTICE 
CONSTANTS OF TWELVE COMMON METALS 


WHEELER P. Davey 


ABSTRACT 


The lattice constant a has been determined within 0.1 percent (.03 percent 
for W) for aluminum, iron, nickel, copper, molybdenum, palladium, silver, 
tungsten, platinum, gold, lead and bismuth, by direct comparison with NaCl, 
a(NaCl) =2.814 A. As pure samples as could be obtained were used, from 
99.55 percent for Ni to 99.9995 percent for tungsten, and in many cases com- 
mercially pure samples were also measured for comparison. The results for 
the purest samples are summarized in Table XIII. The density from the x-ray 
data is in each case (except Al and Ag) greater than the density of the bulk metal 
as given in the literature, the difference being rather large for Mo (10.21 vs 9.1), 
for Pd (12.25 vs 11.9) and W (19.32 vs 18.77). For pure W remarkably sharp 
lines were obtained. For Bi a piece of a single artificial crystal was used. 


RECISION measurements of the lattice constants of metals have 
the same fundamental relation to metallurgical work that measure- 


ments of wave-lengths have to light. It is the purpose of this article 
to record the results of such measurements of the lattice param- 
eter, distance of closest approach of atomic centers, and density, for 
some of the common metals. Some of the specimens were extremely 
pure. Samples of commercial purity were also obtained for most of these 
same metals so that an idea might be gained as to the distortion in the 
lattice to be expected from small amounts of the usual commercial im- 
purities. The original sources of the samples and the purity claimed for 
each are given in connection with the various tables of x-ray data. 

In every case the metal was diluted with cornstarch according to an 
empirical schedule' to reduce its opacity to a value approaching that of 
NaCl, and was then packed into one end of a capillary specimen tube of 
Corning 707BM glass. NaCl was packed into the other end of the tube 
as a calibration standard.? As has been pointed out by Havighurst, Mack 
and Blake*® there are some real advantages in mixing the NaCl directly 
with the specimen to be examined. There is this disadvantage, however, 
that when the lines from the metal fall very near the lines from the NaCl, 
a good reading cannot be made on either. For this reason, even when 


' Davey, Gen. Elec, Rev. 1925 
* Davey, Phys. Rev. 19, 538 (1922) 
* Havighurst, Mack and Blake, J. Amer. Chem. Soc. 46, 2368 (1924) 
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there was no possibility of chemical action between the NaCl and the 
metal, the technique originally described? was adopted. 

The apparatus was the standard equipment described elsewhere,‘ using 
the alpha lines of the Mo K series. Each interplanar spacing smaller 
than 2.00 was made to give a value of the side a of the unit-cube by 
means of the proper theoretical factor. All such values for each film 
were solved graphically® for the most probable value. The final value of a 
for the pure samples is the average of at least two such most probable 
values. The uncertainty of reading of each of the lines of any given 
diffraction pattern is considered to be +.002A from 2.00A to 1.00A, and 
+.001A below 1.00A. This gives a reproducibility of +0.1 percent in 
the most probable value of a for any one film. In the single case of the 
two pure samples of tungsten, the lines were so narrow and so sharply 
defined that the reproducibility was considered to be 0.03 percent. In 
all cases the intensities assigned to lines are merely relative. Thus 4 is 
stronger than 3, and weaker than 5, but it is not intended that 4 shall 
be considered to be twice as strong as 2, nor half 8. All measurements 
of distances are in terms of the lattice parameter of NaCl, 2.814A. 

The data are presented in the following tables. The results for the 
purest samples are summarized in Table XIII. For comparison with 


densities calculated from x-ray data, the values obtained by ordinary 


measurement are given as recorded in Van Nostrand’s Chemical Annual 
and in Groth’s Chemische Krystallographie. 


TABLE I 
Aluminum (atomic number 13; atomic weight 27.1). Face-centered cubic pattern 


Data from a specimen of 99.97 percent Al from J. D. Edwards, Asst. Director of 
Research, Aluminum Company of America. 


Plane Intensity Spacing 
{ 1 } 


111 34 
100 02 
110 431 
311 221 
111 (2) ; 170 
100 (2) 013 
331 928 
210 .905 
211 : 825 
511; 111(3) 778 
110 (2) 715 


is Side of unit cube 047A 
Average 4.046+ 004A 


‘ Davey, J. Opt. Soc. Amer. 5, 479 (1921) 
Gen. Elec. Rev. 25, 565 (1922) 
’ Whipple, J. Frank. Inst. 182, 37-205 (1916) 





LATTICE CONSTANTS OF TWELVE COMMON METALS 


TABLE II 


Iron (atomic number 26; atomic weight 55.84). Body centered cubic pattern 


Data in columns (1) and (2) are from Fe made by Dr. R. W. Moore of this laboratory 
by reduction of “‘c.p."” FexO; by hydrogen. 
Data in columns (3) and (4) are from vacuum fused electrolytic Fe from the Bureau 
of Standards, having the composition: 0.020 percent C; 0.001 percent Mn; 0.004 percent 
P; 0.017 percent S; 0.021 percent § Si; 99.937 percent Fe (by difference). 








Plane lnteneity Spacing 





110 
100 
211 
110 (2) 
310 
111 
321 
100 (2) 
110(2); 411 
210 
332 
211(2) 


NNNWKANAWOUS 





Side of unit cube 857A 2 859A 855A 2.856A 
Average 2.858+ .003A 2.855+ .003A 








TABLE III 


Nickel (atomic number 28; atomic weight 58.68). Face-centered cubic pattern 


The data are from a specimen made by Dr. R. W. Moore of this laboratory by re- 
duction by hydrogen of oxide from the J. T. Baker Chemical Company, which has the 
following analysis: 0.275 percent Fe; 0.170 percent Co; 0.000 percent Cu; 0.005 percent 
SOs; 0.002 parcont ( Cl; 99.548 parcent, 3 Ni iby difference). 








Plane Intensity Spacing 
(1) 
2.01 
1.741 
1.233 
1.053 
1.009 
875 
*804 
.782 
.716 








111 
100 
110 
311 
111(2) 
100(2) 
331 
210 
211 


oo 


AuanatuUnaon 





Side of unit cube 3.496A 3.4 
Average 3.499+ .OOSA 
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TABLE IV 
Copper (atomic number 29; atomic weight 63.57). Face-centered cubic patiern 


Column (1) contains data from commercial ‘‘conductivity’’ copper such as is or- 
dinarily used in the electrical industry. Such copper is usually considered to be 99.98 per 
cent Cu. The remainder is largely CusO. The solubility of oxygen in copper is less than 
0.009 percent. It exists mostly as segregations of Cu:O in the crystals and at the 
crystal boundaries. These segregations may be seen under the microscope in the form of 
a Cu,0-Cu eutectic, presumably composed of unit crystals of CusO dispersed in Cu. It 
is not surprising, therefore, that ‘conductivity’ copper should show, within experimental 
error, the same lattice parameter as the purest copper. Column (2) contains data of 
some finely divided copper used in some catalysis work of Professor A. Benton. The data 
in column (3) are from copper from the J. T. Baker Chem. Co. The impurities are not 
more than .01 percent. 


- val 
Plane Intensity Spacings 
(1) (2) 


111 
100 
110 
311 
111(2) 
100(2) 
331 
210 
211 


08 O08 
.798 799 
271 .271 
083 084 
038 038 
.900 ee 
.826 826 
806 805 
735 735 


oa ~ 


warn uw 


Side of unit cube 3.598A 3.598A 
Average 3.597 + .004A 


TABLE V 
Molybdenum (atomic number 42; atomic weight 96.0). Body centered cubic pattern 


Columns (1) and (2) are from some Mo powder furnished by W. L. Enfield and G. E. 
Inman, of the Lamp Development Laboratory, National Lamp Works of the General 
Electric Company. The crystals of the powder are 99.8 percent Mo. Columns (3) and 
(4) are from Mo powder having a purity of 98 percent furnished by Dr. R. W. Moore 
of this laboratory. It is a good grade of commercial Mo. 


Plane Intensity Spacings 
(1) (2) (3) (4) 


110 10 .23 3.48 .22 21 

100 8 .573 1.572 .569 .565 
211 10 . 283 1.281 . 282 .279 
110 (2) 7 me 1.110 -111 .107 
310 : .994 .992 .993 .991 
111 .908 .907 .905 -905 
321 . 840 . 839 .839 .838 
100(2) ‘ — . 785 . 784 . 784 
411; 110 (3) .742 .740 .739 .739 
210 ‘ .703 .702 .701 .702 


Side of unit cube 3.144A 3.139A 3.138A 3.134A 
Average (99 .8%)3.142 + .003A; (98%) 3.136A 


* Hanson, Marryat and Ford, Research Reports of the British Non-ferrous Metals 
Research Assn. 13B, 223, (April 1924). 
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TABLE VI 


Palladium (atomic number 46; atomic weight 106.7) Face-centered cubic pattern 


This a was given me by Dr. W. E. Forsythe, Director of the Nela Research 
Laboratory, National Lamp Works of the General Electric Co. It came originally from 
Englehardt under the specification of ‘Heraeus Pd” and was part of the metal used 
by Dr. Forsythe in determining the melting point of Pd as a standard for temperature 
measurement. 


Plane Intensity Spacings 
(1) (2) 

2.21 2.20 

1.925 1.921 

1.363 1.361 

1.163 1.161 

1.114 1.113 
.965 .964 
885 885 
863 .863 
.788 .788 
.743 .743 
.683 .683 
654 .653 
.645 .644 
612 


111 

100 

110 

311 

111(2) 
100(2) 

331 

210 

211 

511; 111(3) 
110(2) 

531 

110(3); 221 
310 


wuUUNAUNNWw O~0 


Side of unit cube 3.860A 3.858A 
Average 3.859+ .003A 





TABLE VII 


Silver (atomic number 47; atomic weight 107.88). Face-centered cubic pattern 


Data given in columns (1) and (2) are for a sample originally from Professor G. 
Baxter, of “atomic weight”’ purity, 99.999 percent. Data given in columns (3) and (4) 
are for “fine silver” from our laboratory stock, considered to be 99.9 percent Ag. The 
other 0.1 percent is Cy. The difference in lattice parameters of the two specimens is at 
least five times the uncertainty of measurement. 


Intensity Spacings 


(1) (2) (3) 


37 2 .36 2.35 
05 2.04 2.03 
.442 1.443 ¥ 
? 
1 
1 





.230 1.233 : 
.178 1.178 173 
.019 1.020 013 
.935 937 .930 
912 .912 

833 .832 

.785 . 786 

721 


111(2) 
100(2) 

331 

210 

211 

511; 111(3) 
110(2) 

531 
110(3); 221 
310 
533 


689 

.680 

.645 

.622 
Side of unit cube 4.079A 4.080A 4.059A 4.058A 
Average (99 999% )4 .079 + 


— NOW EA DAN UI OOOO 
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. TABLE VIII 


Tungsten (atomic number 74; atomic weight 184.0), Bedy-centered cubic patiern 


Data in columns (1) and (2) are for somagiinn from W. L. Enfield and G. E. Inman, of 
the Lamp Development Laboratory of the National Lamp Works of the General 
Electric Company. That for column (1) was 99.9995 percent W if we disregard traces 
of “impurities” which apparently are held only mechanically by the crystals. That for 
column (2) was 99.997 percent W. The remaining 0.003 percent was Mo. The lines on 
these two films were especially narrow and sharp. The reproducibility of readings of 
these films was so much better than for our ordinary diffraction patterns, that it seems 
justifiable to claim a reproducibility of 0.03 percent in the final value of the side of the 
unit-cube. Data in column (3) are for a filament from a 40-watt Mazda lamp. Six strands 
of the filament were packed together in one end of a glass specimen tube so as to insure 
a nearly random orientation of crystals with respect to the axis of the wires. Even 
with this precaution, lines are missing from the 310 and 210 planes. The lines on the film 
were not as narrow as those for columns (1) and (2), and the reproducibility of results is 
not greater than the customary 0.1 percent. Data in columns (4) and (5) are for com- 
mercially pure (98.58 percent) W supplied by Dr. R. W. Moore of this laboratory. 
The discrepancies between columns (4) and (5) are real, and are not to be accounted for 
by errors in reading the films. 








Plane Intensity Spacing 
(1) (2) (3) (4) 


2.23 2.24 2.22 
1.579 1.580 1.580 
1.289 1.289 1.288 
1.116 1.115 1.114 

.997 .997 owes 

912 911 

842 843 

. 788 . 788 

744 744 

.706 .706 





110 
100 
211 
110(2) 
310 
111 
321 
100(2) 
411; 110(3) 
210 
332 
211(2) 


Side of unit cube 3.155A 3.155A 3.157A 3.156A 3.161A 
Average (pure) 3.155+ .0O1A (99 .58%) 3.158+ .003A 


- — om om tO UW OU CA 0 











TABLE IX 


Platinum (atomic number 78; atomic weight 195.2), Face-centered cubic patiern 


Data in Columns (1) and (2) are from a sample 99.995 percent Pt from the Bureau 
of Standards. Data in column (3) are from commercial Pt which probably contains a 
little Ir. 








Planes Intensity Spacing 
(1) (2) 





2,27 .26 
1,956 .956 
1.385 .383 
1.179 181 
1.130 .130 
.978 .978 
897 .898 
.875 .875 
.798 .799 
753 753 


Side of unit cube 3.912A 3.913A 
Average 3.912+ .004A 


111 
100 
110 
311 
111(2) 
100(2) 
331 
210 


211 
511; 111(3) 


Or UUn PNA 
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TABLE X 
Geld (atomic number 79; atomic weight 197.2). Face-centered cubic patiern 


Data in columns (1) and (2) are from a sample of 99.999 percent Au from the San 
Francisco mint. Data in columns (3), (4), and (5) are from ordinary 24 carat gold. 








Planes _ Intensity Spacing 
(1) (2) (3) (4) 


2.35 ‘ .35 2 
2.03 / .04 2. 
1.436 é 437 1. 
1 
1 
1 





111 


8 
6 
6 
7 1.225 : .227 
5 1.173 ; 174 
3 1.016 ods's .018 
6 -933 ; -934 
6 909 , 911 
° .830 F 831 


211 
511; 111(3) . 783 . 784 





Side of unit cube 4.064A 4.066A 4.071A 4.072A 4.076A 
Average (pure) 4.065 + .004A, (24 carat) 4.073 + .004A 








TABLE XI 
Lead (atomic number 82; ctomic weight 207.20). Face-centered cubic patiern 


Data for commercially pure lead. No analysis was available for the sample actually 
used, but such lead is usually considered to be 99.96 percent Pb. 








Planes “Intensity 1) Spacing 
( 


81 

44 

.732 
480 
415 
.230 
.128 
.099 
.005 
947 
.871 
833 
821 





111 
100 
110 
311 
111(2) 
100(2) 
331 
210 
211 
511; 111(3) 
110(2) 


te et et tet et et BD RD 
i ht ee et ee et ee DD DD 
a a a ee ee ee eee 


mee NN WWE ENO 


531 
100(3); 221 
310 


‘7179 





Side of unit cube 919A 4.921A 
Average 4.920+ .00SA 











WHEELER P. DAVEY 


TABLE XII 
Bismuth (atomic number 83; atomic weight 209.02). Rhombohedral pattern. 
Structure two interpenetrating face-centered rhombohedra. 


The specimen was a portion of a single crystal of Bi grown from the molten metal 
by Dr. S. L. Hoyt of this laboratory. Although no analysis was made of the composition 
é this cryst al, it is assumed from the method of its growth that it can be properly classed 

‘‘pure.”” The axial ratio c = 2.606 was taken from Groth. It agrees within experimental 
error with that indicated by the graphical solution for structure.’ 


Plane Intensity Spacing 
(1) (2) 


00.1(1)(3) 

10.1 

10.2 

10.4 

11.0 

10.5 
00.1(2)(6); 11.3 
10.1(2) 

10.2(2) 

10. 
20 
11 
12. 
10 


93 
70 
.26 
35 
26 
02 
.964 
862 
635 
550 
511 
.486 
439 
383 
326 
310 
283 
257 
182 
.137 
116 
091 
072 
046 
021 
984 
967 


72 
27 


— eee DO th Ww Ww Ww 
ae 


ome eh fh eh fh fe fm fh fh mh eh eh eh eh et et et BD ND BD Gd Gd Gd 
es. ee 
oon Oso So 


N 


.890 
.876 
857 

792 
.750 


i) 
tm 
.= 


1 
1 
9 
& 
8 
3 
4 
7 
6 
3 
2 
6 
7 
2 
4 
4 
2 
1 
2 
3 
] 
3 
3 
2 
2 
2 
2 
2 
2 
1 
1 
2 
2 


¢ t 
SCN OOSN PNK SONWNOAUNISHONAUS 


Side of unit triangle 4 536A 4 543A 
Average 4. 539+ OO5A 


Note: For planes 20:1; 12°1; 00°9; 10°1(3); 22°0; 10°10; 31:1; 10°11; 20: 10; 41-1; 31: 5: 
22°6; 20°11; 21°10; 30-9; 31:7; 40°5; 32:1; 10°13; 21°11; 32°4; 40°7; 32°5; 41°3; 10: 14; 20: 13; 
40°8; 00°15; 50°11; 30°12; 20°14; 21°11; 50°2; 31°11; and 32°8; the intensity was so small 
that the spacing was not determined. 


7 Hull and Davey, Phys. Rev. 17, 549 (1921) 
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TABLE XIII 


Summary of results for the purest samples 


Metal Purity Lattice Closest atomic Density Density 
constant a approach from from 
(10-8 cm) (X10-* cm) x-ray data literature® 


(percent) 





008 2.708 
03 8 — 7.9 

03 6 — 8.93 
03 91— 8.96 
03 6 — 9.1 

04 4 -11.9 

03 .50—10.53 
.02 18.77 
06 16—21.50 
06 27—19 .32 
03 34 
03 80 


046+ .004 2.860+ .003 688 
855+ .003 2.472+ .002 93 
499+ 003 474+ .002 04 
597 + .004 543 + .003 01 

99 8 142+ .003 720+ .003 21 
“Heraeus” 859+ 004 729+ .003 25 


99 97 4 
2 
3 
3 
3 
3 

99 .999 4.079+ .004 884+ .003 49 
3 
3 
4 
4 
4 


99 937 
99 548 
99 .99 


99 .999 155+ .0v1 732+ .001 32 
99 .995 912+ .004 766 + .003 51 
99 .999 065 + .004 874+ .003 37 
99 96? 
crystal 


WNN NNN WN tv tS 


920+ .005 3.479+ .003 48 
539 + .005 (hexagonal axes) .80 
(axial ratio = 2.606) 


He He He HE HHH HHH HH 


It is a pleasure to express my thanks to Dr. G. Breit of the Laboratory 
of Terrestrial Magnetism, Carnegie Institution, for supplying me with 
pure specimens of Fe, Cu, Ag, Pt, and Au, together with a statement of 
the original source and purity of each; and to J. D. Edwards of the 
Aluminum Co. of America, W. L. Enfield, G. E. Inman, and Dr. W. E. 
Forsythe of the Nela Laboratories, and Dr. R. W. Moore, Dr. S. L. Hoyt, 
Dr. D. H. Brophy, and T. S. Fuller of this laboratory for supplying other 
specimens and for giving statements of their purity; and to Mrs. J. L. 
Leudemann for assistance in preparing the specimens and reading the 
diffraction patterns. 


RESEARCH LABORATORY, 
GENERAL ELECTRIC COMPANY, 
SCHENECTADY, NEW YorRK. 
March 14, 1925. 


8 From Van Nostrand’s Chemical Annual and from Groth’s Chemische Krystallo- 
graphie. 
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THEORY OF THE RELATION OF SPECTRAL LINES TO MASS 
VARIATIONS WITHIN THE ATOM 


By L. B. Ham 


ABSTRACT 


The mass variations of the electron and nucleus involved in the transitions 
represented by Bohr’s frequency condition, hy = Ey —E, are investigated by use 
of (1) the mass variation formula of relativity, (2) the kinetic energy relation 
of relativity, Am=AE;/c, (3) the radiation formula of relativity, Am =AE/c’. 
The assumption of “potential’’ and ‘‘kinetic’’ changes of mass lead to 
concordant results for mass variations in the Bohr theory of radiation 
and the relativistic theory of radiation. The theory of the hydrogen 
circular orbit leads to the conclusion that the frequency of spectral lines is a 
function of the decrease of the mass of the electron (vy =Amc/h) so that the 
change of mass of the electron may be considered as quantified. The theory is 
also applied to elliptic orbits, and the fine structure of the hydrogen doublet 
is explained. The absolute values of the changes of mass of the electron at 
aphelion and perihelion for various orbital transitions for Ha are given in a 
table. 


HE emission of spectral lines in the Bohr orbit is given by Bohr’s 
frequency condition 
v=AE/hc (waves per cm) (1) 
where AE represents the difference in total energy between any two orbits. 
The loss of mass of the electron incident to this process of radiation is not 
considered in the Bohr postulates. The object here is to study the magni- 
tude of this loss of mass by use of the mass variation of relativity, 


m=my//1—B? (2) 
the relativistic radiation equation 
Am=AE/c? (3) 
and the kinetic energy relation of relativity, 
Am=AE;,/c? . (4) 


The hydrogen orbit only will be considered in the following discussion 
on the visible line series. 


The assumption will be made that the total mass variations of the 
electron may be considered as made up of both “kinetic”? (Am,) and 
‘potential’ (Am,) mass variations. Thus, Eq. (3) gives 


Am =Am;,+Am, =AE/c?=(SE,+AE,)/c? ‘S) 





RELATION OF SPECTRA TO MASS VARIATIONS 


where now we may write 
Am,=AE;,/c? (6) 
and 
Am, =AE,/c* . (7) 
The idea of both kinetic and potential mass variations in the electron is 
supported in R. C. Tolman’s book! on relativity of motion, also, by con- 
siderations which are to follow. 


Part I. CrrcuLar ORBITS 


Relativity. From the mass variation formula (2), we obtain to a first 
approximation 


(Am, ), =m—mo=kmor,?/c? (8) 
which represents the kinetic change in mass of the electron in going from 


infinity to the mth orbit. By the usual transformation for the expression 
of the velocity in Bohr’s theory,’ we find that Eq. (8) gives 


(Am,).= Rhc/n?c? 


where R represents Rydberg’s constant for a nucleus of infinite mass. 
This gives a change of kinetic mass 


2 Rhe [ 1 1 | 
Am,= —_-— 
c 2 og? 


for the electron in jumping from the ith to the mth orbit. 
In a similar way, Eq. (7) gives, by introducing the relation 
AE, = —2AE,, the potential mass variation 
2Rhcf 1 


Am,= 
Pp 
ce 


This gives a total decrease of mass of 


c? Ln?* i? 


Rhc J 1 1 
Am = Am,+Am,= |— ~ =| (9) 


for the transition of the electron from the ith to the ath circular orbit. 
Radiation. Bohr’s theory gives 


1 1 
aE = Rhe| — — -.| . 
n? e 


1R. C, Tolman, The Theory of the Relativity of Motion, 1917. 
* Sommerfeld, Atomic Structure and Spectral Lines, translated by Brose. 
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Combining this result with Eq. (3) gives 


Rhc J 1 1 
Am =— |; -— | (10) 
n®* 


9 u 
2* 


Cc? 


as the loss of mass of the electron resulting from the radiation formula. 
It will be seen that (9) and (10) are identical on the basis of both a po- 
tential and kinetic mass charge. That is, while the kinetic mass increases 
from an outer to an inner orbit, the potential mass decreases twice as 
much so that the net result is the loss of mass which is associated with 
emission of light. This result agrees with the loss of mass given by the 
theory of relativity Eq. (3) for the emission of light. In this way an 
apparent discrepancy between the quantum theory and the theory of 
relativity is eliminated. As the electron passes from an outer to an 
inner orbit, its velocity increases and therefore according to relativity 
the mass increases also, but by radiation in this transition the electron 
loses energy and mass, so that its mass should be smaller in the inner 
than in the outer orbit. 
The above result shows that Eq. (1) may be written in the form 


vy=cAm/h , (11) 


where Am takes values as in Eq. (9). This shows that the mass of the 
electron may be considered as quantised, and that spectral lines are 
caused by ordered variations in the mass of the electron multiplied by 
some constant. This admits a complex structure of the mass of the elec- 
tron. 


Part Il. ELuipric Orsits 


Hydrogen doublet. lf the frequency of a spectral line is a function of 
the decrease of mass of the electron, it should be possible to calculate the 
increase of velocity necessary to account for the hydrogen doublet and 
check this increase in velocity with the velocity of advance of the peri- 
helion. This point of view means that without relativity there would be 
no hydrogen doublet because the electron would have no added velocity 
due to rotation of the ellipse. 

The magnitude of the hydrogen doublet? according to the theory of 
relativity is given by the equation 


Avy =¥ (141) — (240) = (Ra*/2*) (waves per cm.) 


According to Eq. (11) this increase of frequency has associated with it a 
decrease of (total) mass for the electron 


Am = (Ra?/2*)h/c 
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for the transition from the circle to the ellipse where n.+n,=2 in both 
cases. 

The necessary increase in velocity to account for the decrease of (total) 
mass of the electron in the doublet is determined by noting that in any 
Kepler ellipse the average kinetic energy’ is, except for the sign, equal to 
half the average potential energy, or Am=—Am,. In the case of rela- 
tivistic elliptic motion we may use this relation to a first approximation. 
But 

Am = (Ra?/2*)h/c= — Am, ’ 


hence (Ra?/2*)h/c represents the average increase of kinetic mass of the 
electron under consideration. Its average increase of velocity would 
be represented by the equation 


Am,= (mo ‘2c?) (8? 41) —v* (240) |= Ra®h/2*c ‘ 


Since the difference in the velocities is small 


D7141—-V*240= fi141 +0240] loiy1—- V24 o| = 202, 940= acdv 


approximately, where Av presents the average increase of velocity from 
the circular path to the elliptic path for m.+n,=2. Hence 


~*moacAv/ 2c? = Ra*h/2‘c 
Av=ca*/16 (12) 


which is the increase in velocity desired. 

The increase of velocity of the electron due to the rotation of the 
ellipse will now be considered. We should expect at once that the increase .- 
of the velocity at the perihelion should be less, and at the aphelion greater 
than the value found in Eq. (12). 

The angular advance (A@) of the perihelion about the nucleus for one 
revolution of the electron is given by the following analysis* 


Ag=2n(1/y—1);  v?=1—po?/p?;  po=e*/c, p=nah/2x 
» ap mene 8 1 Pi be i po* . 
Y WVi=po?/p* Pr. ct 
Ad =2r(1+4p0?/p?—1) , approximately 
Ad= rpo?/ p?=4n%e4/c*h?n®,=a'x/n,? . 
Let T, be the period of the electron and 7, the period of the perihelion, 
then the angular velocity w, of the perihelion would be 


w,=24r/T, 
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and A¢/2xr=T./T,; , 


also, wp = 24/T, =Ad/T.=a'x/n,"T, . 


To find the approximate value of 7., we have from Kepler’s third law 
of orbital motion 


a3 | 22h? /42moe? | 





a (A? /42 moe?) (na+n,)?}? 


where 7. is the period and a, the radius of the corresponding circular orbit. 
Then 
T = T= 20a,/0,= 20a,/(24e?/2h) = 2a,h/e? . 
Hence 
w, = a?a/(n,? 2a,h/e*) = a*xe?/2n,2a-h , 
or the velocity of advance at the perihelion would be 
Av, = a.(1—€)w, = (1—€)a*re?/2n,*h 
or, since m,=1, 
Av, = (1—«)ca?/4 ; (13) 
and at the aphelion we would have 
Av,=(1-+e)ca*/4. (14) 


The last two equations represent the increase of velocity at the peri- 
helion and aphelion respectively due to the rotation of the ellipse. 
Comparison of Eq. (12), (13), (14) shows the desired result that 


(1—e)ca®/4<Av<(1+e)ca'/4 , 


which is further evidence of the close relation between the decrease of 
the mass of the electron and the frequency of spectral lines. 

The kinetic mass variations during the stationary motions of the elec- 
trons on the elliptic orbits are very large when compared to the kinetic 
mass variations for transitions between stationary states for circular 
orbits. If we write 

AM ong .n,) k= Mov" (ng+n,)/ 20" 


for elliptic orbits and, also 


s-/ (3) 
— =—== —_ ro 
we 6 6S dt t 


then by methods used in Sommerfeld’s text? on Kepler ellipses, we find 
Ving +n,) =v,n,/D, 

for the expression of the velocity at the perihelion, and likewise at the 

aphelion 





Ving+n,) = 1:%a/Da 
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where » is the velocity of an electron in the first Bohr circular orbit for 
hydrogen and 
D, = (nat Mr)? — (tat Mr) V nr(24+ Mr) 


and 
Do= (nat nr)?+ (natn) n-(2ne+ Nr) 


Hence the kinetic change in mass of the electron at the perihelion from 
infinity to the point in question is 


AM (a 4%), = Mod1*Ng*/2c°D,? = Rhe n?/c?D,’ , 


and similarly, at the aphelion 
Am wainr) r= Rhee n,?/c? D,? . 


The numerical magnitudes of the changes in kinetic mass of the electron 
at the perihelion and aphelion for all possible transitions for Ha are given 
in Table I. 

TABLE I 


Changes in kinetic mass for transitions for Ha 


Orbital Aphelion Perihelion 
transition? 


I—a 33 .3110-* 33.31 10-* 
56.09 —122.72 
59.195 — 845 .2 
—22.36 808 .4 
0.42 652.4 
3.52 —70.1 
Hence, the importance of the idea of potential mass is again shown 
since otherwise Eq. (11) would give a band for elliptic orbits. According 
to Tolman,' the kinetic mass is considered as associated with the moving . 
electron while the potential mass is distributed throughout the interven- 
ing space between the electron and nucleus. 
. r . ° ° ° ae 
In conclusion, the author wishes to express his appreciation to Professor 
+ . = & al ° . 
Kunz for calling attention to_the quantification of mass, and for many 


helpful suggestions. 


LABORATORY,OF Puysics, 
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EXPERIMENTAL DETERMINATION OF RELATIVE 
TRANSITION PROBABILITIES IN THE 
SODIUM ATOM 


By GEORGE R. HARRISON! 


ABSTRACT 


Determination of the relative transition probabilities for lines 2 to 16 in 
the principal series of sodium.— Direct measurement of line absorption intensities 
was made by a precise method of photographic photometry previously de- 
scribed. On each plate 11 spectra were photographed, 5 absorption spectra of 
light from an aluminum underwater spark which had passed through 10 cm of 
vapor, and 6 calibrating spectra of a constant cadmium spark. Corrections 
were applied for densitometer slit width, plate characteristics, band absorption, 
and sensitometer slit width and dispersion curve. The doublets were unre- 
solvable at the vapor pressures used and were treated as single lines. Line 
shapes were measured at 18 different vapor densities, covering a four-fold 
variation, and from these were determined the constants C; and C; in Slater's 
formula for transition probabilities as given by his theory of virtual oscillators, 
NxhdoBi; =crlog,10 X / C,/ Cs, and the relative transition probabilities B;; for 
the various lines 2 to 16. No decrease in relative probability of the higher 
numbers with increasing vapor pressure was found, the curves for logioN By; as 
a function of term number for different pressures being practically parallel. 
From the smoothed curves average relative values of By; were obtained with a 
variation of 2 to 4 percent, and from these the corresponding relative values 
of Ax; were calculated from Einstein’s relation c*A;; =82hvBi;._ Hoyt’s pre- 
liminary theoretical calculation of the ratio of the first two terms was found to 
agree closely with these results. 


INTRODUCTION 


HE formulation of Einstein’s probability laws and of Bohr’s corre- 
spondence principle has made the experimental determination of 
the intensities of spectrum lines, and of the magnitude of absorption 
coefficients, of increased importance, and examination of the literature 
reveals the very small amount of work that has been done in these fields. 
A number of theoretical papers have recently appeared applying these 
generalizations to the prediction of the amounts of absorption to be 
expected in the various lines of certain series and in certain regions of 
continuous absorption. Kramers? has derived the \* law for continuous 
absorption at the limit of series in the x-ray region, while Milne® obtains 
a \? law for the similar absorption at the limits of series in the optical 
1 National Research Fellow. 


? Kramers, Phil. Mag. 46, 836 (1923) 
3 Milne, Phil. Mag. 47, 209 (1924) 
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region. Thomas,‘ assuming Fues” values for the potential gradient in 
the sodium atom, has calculated the absolute value of the probability 
A,; for the D-lines of sodium, and the relative probabilities for the second 
and third members of its principal series. Since the question of the 
proper method of averaging to be used in applying the correspondence 
principle to the determination of intensities has not yet been settled, 
Thomas gives ten sets of values for the relative probabilities, using 
different possible means. Hoyt* has recently calculated the relative 
values of A;; for the first three lines in sodium and rubidium, breaking 
up the orbit of the electron into short lengths and making certain approxi- 
mations for the regions between. All theoretical workers in this field 
emphasize the great number of uncertainties introduced by the assump- 
tions necessary, and regret the absence of more experimental data for 
checking results. 

Practically the only set of experiments which can be used for compari- 
son are those made by Bevan,’ in which he measured the relative amounts 
of dispersion obtained near the first three lines of sodium, the first four 
of potassium, and the first six of rubidium. Ladenburg*®* has shown how 
Bevan’s data can be interpreted in the light of the quantum theory and 
can be made to give the relative A,; values of the lines. Bevan found that 
his measurements forthe last lines given in each case began to be un- 
certain, and was unable to get data for higher members. He found also 
that his constants varied with vapor density, the higher members 
appearing less intense at high vapor pressures. 

A great deal of work has been done on the relative intensities of the 
two D-lines, and these are generally taken as having the ratio 2:1, the 
short-wave member being the more intense. Fiichtbauer'® and his collabo- 
rators have measured the relative intensities of the first members of the 
principal series of Cs and Rb in absorption, besides studying the effect of 
pressure on the shapes of the first lines of Na and K, using a direct 


method. So far as is known, however, no other exact comparisons of 
successive intensities of lines in a series have been made beyond those 
listed. It appears then that the direct measurement of the variation in 


* Thomas, Zeits. f. Phys. 24, 169 (1924) 
5 Fues, Zeits. f. Phys. 11, 364 (1922); 12, 1 (1923) 
* Hoyt, Phys. Rev. 25, 174 (1925); also manuscript of paper in preparation. 
7 Bevan, Proc. Roy. Soc. 85, 58 (1911); 84, 209 (1910) 
8 Ladenburg, Zeits. f. Phys. 4, 451 (1921) 
* Ladenburg and Reiche, Die Naturwissenschaften, Bohrheft, 27, 584 (1923) 
” Fiichtbauer, Phys. Zeits. 21, 322 (1920); 
Fiichtbauer and Schell, Phys. Zeits. 14, 1164 (1913); 
Fiichtbauer and Hoffmann, Ann. der Phys. 43, 96 (1914) 


nae ie te 





770 GEORGE R. HARRISON 


absorption across narrow spectrum lines, and the comparison of successive 
lines in a series, while a very important problem, has received compara- 
tively little attention. 


EXPERIMENTA’ ARRANGEMENTS 


The amount and variation of the continuous absorption at the limit of 
the principal series in sodium vapor has been measured by the writer," 
using a method of photographic photometry which admits of considerable 
precision. A similar method was used in the present work, in which the 
relative intensities of the first fifteen absorption lines after the D-lines, 
were measured. For the details of the photometric method the reader 
is referred to the previous paper. The absorption furnace, sensitometer, 
and densitometers were the same, the chief differences being in the light 
source and in the method of measuring and reducing the plates. 

In measuring the continuous absorption it was necessary to have light 
of constant intensity, more or less uniform over a wide band of wave- 
lengths. Occasional emission lines in the source made little difference, 
but it was absolutely necessary that there be no spectral energy variation 
in the source between the exposure for the absorbed spectrum and that 
for the unabsorbed spectrum. In the present work, no emission line 
could be allowed in the neighborhood of an absorption line being meas- 
ured, but variations of spectral energy distribution were of small con- 
sequence, producing second order errors. This was due to the fact that 
each line covered such a narrow wave-length range, and the density 
variation in that region was turned directly into intensity variation 
by means of the plate calibration. 

Eleven spectra, all of the same time of exposure, were photographed 
on each plate. Six of these were of the constant intensity cadmium spark, 
taken through wire screens of known transmission, as described in the 
previous paper. The other five were absorption spectra of the sodium 
vapor, using as a back-ground either the cadmium spark used for cali- 
brating or an aluminium under-water spark fed by a Tesla coil. Although 
this spark could not be made as steady as the spark in air, its variations 
could be neglected when measuring line absorption coefficients, if kept 
to a minimum, since the center of the line was being compared with its 
edge. The presence of an emission line in the source anywhere near an 
absorption line could not be allowed, however, since then even a narrow 
region could not be expected to remain constant in distribution, All 
results given in this paper were taken with at least two different back- 


Harrison, Phys. Rev. 24, 466 (1924) 
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grounds, so that errors from this source were eliminated. The calibration 
of the plate was in every case made with the constant-intensity cadmium 
spark. 

A narrow slit was used on the Fuess quartz spectrograph of the sensi- 
tometer so as to get as snuch resolving power as possible. The dispersion 
used varied between 19A per mm at 3300A and 6.5A per mm at 2500A. 
It will be evident from what follows that the most important corrections, 
after those having to do with the calibration of the photographic plate, 
were those made necessary by the finite resolving powers of the sensi 
tometer and the densitometer. 

The instruments used for measuring the plates in this and the preceding 
work have been described in detail in a paper recently published.” Since 
their precision was known to be closer than to within one-fourth of one 
per cent where direct measurements of density were made, the chief errors 
which had to be taken account of were those due to inaccuracy in plate 
setting, and on the steep edge of an absorption line this became of great 
importance. Accordingly the running densitometer was so arranged 
that the plate was driven across the slit by an accurate screw provided 
with a wheel and ratchet, such that one click corresponded to an advance 
of .01 mm. The number of readings taken across each line varied from 
thirty for the more intense to ten for the weaker lines. 

The high sensitivity and accuracy of the densitometer was attained by 
using a contact slit, the plate being placed emulsion side down over it. 
Where high densitometer resolving power was desired, this necessitated 
using a very fine slit and having it arranged so that it could be raised or 
lowered slightly to bring it almost into contact with the emulsion. Unless 
all lines were measured with the slit the same distance from the emulsion, 
errors would result due to the variation in resolving power, and since 
practically all plates are concave on the emulsion side, great care had 
to be taken in this regard. The plates were tightly clamped to a carriage, 
and the slit was always adjusted so that it practically touched the emul- 
sion, its surface being slightly convex to avoid scratching. The equivalent 
width of the slit at the emulsion was measured by moving an artificial 
line across it, made by scratching a fine groove in a dense portion of the 
plate. This equivalent width was always slightly greater than the actual 
slit width, due to curvature of the spectrum lines, to lack of accurate 
parallelism between the slit and lines, and to the divergence of the light 
beam while passing through the emulsion. The spectrograph of the sensi- 
tometer was adjusted so that the lines would be as straight as possible, 


® Harrison, J. Opt. Soc. Amer. and R.S.1. 10, 157 (1925) 
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and care was taken that its slit was evenly illuminated, to avoid any 
density variations along the lines. 

On account ‘of the low dispersion used and because at the vapor den- 
sities necessary for absorption of the higher members the two lines of each 
doublet coalesced, each absorption curve was treated as being due to a 
single line. With the resolving power here usec no dissymmetry could be 
detected in even the strongest lines, although it probably would have 
been observable had not the band absorption masked it. 

Since in order to get the results given below for eighteen different 
vapor densities at temperatures between 450°C and 600°C over 5000 
density measurements had to be made on the various plates, it was 
necessary to simplify the method of reduction to keep the number of 
calculations within reasonable limits. This was done by slightly changing 
the method of plotting the characteristic curves of the plates. 

The straight-line portion of a ‘‘H and D,” or “‘characteristic”’ curve for 
a photographic plate at any wave-length is generally represented by an 
equation of the form 

d = ¥ logioJ/? —const. 
where d is photographic density, y the contrast, J the light intensity 
striking the plate, ¢ the time of exposure, and p Schwarzschild’s constant, 
while the additive constant depends on the inertia of the plate at that 
wave-length. This equation may be written 

d=y logiol + py logit —const. 

But d is defined as the common logarithm of the opacity O, which in 
turn is the ratio of the light incident on the plate in the densitometer to 
that passing through it. Calling these Z and L’ respectively, we have 


d =logiO=logio(L/L’) =logiwwL—logiol’ . 
Substituting this value of d in the second equation above, we have 
logiol —logioL’ = log 1+ py logiot—const . 


In the present work densities were compared only for points having the 


same time of exposure and the same wave-length, so we may include the 
t term with the additive constant. Also, in the densitometer the light 
incident on the plate was always kept constant while points were meas- 
ured whose densities were to be compared, so L remained the same. 


Grouping the constant terms together, we have 
—logiol’ =y¥ logio/ +const ie 


Hence, since galvanometer deflections are directly proportional to L’, if 
we plot these on logarithmic paper against J, we obtain an inverted 
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characteristic curve, having the negative slope of the original H and D 
curve, and being quite as convenient for reduction purposes. This method 
reduces the number of operations required for changing galvanometer 
deflections to sensitometer light intensities, since one need only plot 
the deflections for the proper wave-length of the calibration spectra 
against the known intensities of the light producing them as determined 
by the absorption screens, and then read off from the resulting curve the 
intensities corresponding to the deflections obtained for the absorption 
curve. The process of keeping L constant not only means keeping the 
lamp voltage the same in the densitometer, but also being sure that the 
plate fog is fairly uniform. Since the absorption lines being measured 
cover such a narrow wave-length band, it is only necessary to make one 
calibration curve for each line on each plate. It should be noted that we 
are not restricted merely to the straight-line portion of the curve, the 
reversed heel and shoulder portions being usable, though not with such 
accuracy or convenience because of their smaller slopes. 

Before changing densities into intensities the galvanometer deflections 
were corrected for the finite width of the densitometer slit. There are 
several ways of making this correction, one of the most convenient having 
been derived by Slater" for the case of a spectrograph slit, but being 
also applicable in the present case. This method was not available for 
the correction of the densitometer measurements used in this paper, 
however, although it was used for the sensitometer slit corrections. The 
method used, while somewhat more cumbersome, gave results of sufficient 
accuracy. Its derivation follows. 

If we have a certain opacity gradient in that region of the absorption 
line subtended by the slit, the resulting deflection of the galvanometer 
will be that due to the average opacity of the region. This opacity will 
allow a light intensity L,’ to pass through the plate, the corresponding 
deflection being p. The region of width o subtended by the slit may be 
considered as made up of m equal parts of width Ax, each illuminated by 


an intensity ];, /2, . . . . etc. due to the average opacity across its breadth. 
Then 
Ly o=Ax(ljtletl13+ hy el Ne +l) . 


Now, if the plate be moved across the slit a distance Ax, one of the narrow 
portions will be dropped out and a new one added, causing a new average 
opacity over the whole slit, and a new intensity L,’ to fall on the thermo- 
pile of the densitometer. Hence 

Leo =Ax(le+13+ sje aed tnt lin41) ° 


8 Slater, following article in this issue. 
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Then o(Le’ — Ly’) =Ax(lmgi—l) ° 


But o=mAx, so m(Le’—Ly’)=lagi-l. 


Now L’=pXconst., and / will also be proportional to p with the same 
constant if allowed to shine through the whole width of the slit. Hence, 
by adding m times the difference between the mth and (m+1)th actual 
readings to the mth true reading, we obtain the (”+m)th true reading, 
where by true readings are meant the readings for the average opacity 
over the narrow region Ax. In order to begin somewhere with a true 
reading it was only necessary to start on a region of uniform opacity, 
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Fig. 1. Densitometer tracings of portions of a sodium vapor absorption spectrum, 
showing the type of density variations measured and the band absorption surrounding 
the lines. 


such as the edge of an absorption line, and then proceed according to the 
above rule. The chief fault of this method lies in the fact that errors are 
cumulative, and when the point of maximum absorption has been passed 
they become quite serious. For this reason each line was calculated from 
one side to a point past the maximum absorption, and then the rule was 
reversed and the second half of the line calculated backwards, the two 
sets of values being averaged where they overlapped. 

In Fig. 1 are shown typical densitometer tracings of two portions of a 
sodium absorption spectrum at moderate vapor density. This shows the 
magnitude of the band absorption, especially around the lower members. 
At the very highest densities used the bands completely obliterated any 
evidence of either the second or the third lines. The D-lines are com- 
pletely overwhelmed by their surrounding bands at the vapor pressure 
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shown, and for this and other reasons they were not measured in the 
present work. The bands have been recently“ shown to be due to 
Naz, and some work of the writer has indicated that they could be 
decreased in intensity by using unsaturated vapor at high temperatures. 
This has recently been confirmed for potassium vapor,'* which has analo- 
gous bands, as have all the other alkali metals. Accordingly, it is desirable 
that the present work be repeated at high temperatures with unsaturated 
vapor, and it is intended to do this, although the experimental dif- 
ficulties of the photometry will be greater, while the theoretical interpre- 
tation will not be so simple due to the number of excited atoms present. 

The difficulties due to the bands were overcome, although, as the trac- 
ings show, the assumption of uniform opacity at the edges of the lines 
was not justified. Inspection of tracings of each line indicated the cor- 
rections which had to be made, however. The tracings were taken with 
continuous motion of the plate at the rate of one inch an hour, while all 
measurements were made with the plate at rest, to avoid errors due to 
galvanometer lag. In the most intense lines differences in deflection of 
as much as 50 cm were obtained between the edge and center of the 
absorbed region. 

A number of preliminary plates had to be taken in order to determine 
the best time of exposure and set of light intensities to be used for each 
set of vapor densities. This was of great importance for accuracy, since 
the calibration points not only had to lie in the same density regions as 
the points on the absorption curve, but it was desirable to use as far as 
possible the straight-line portion of each characteristic curve to increase 
the precision of measurement. Due to the wide variation in density 
between the center of the most strongly absorbed line and the edges of 
the line in the region of greatest density of background, this became a 
matter for nice adjustment, especially since several vapor densities were 
taken on each plate, and on account of band absorption and scattering 
the background was reduced to as little as one-eighth of its original 
intensity for the higher vapor densities. Variations of 100-fold in the 
light intensity were available on each calibration curve. 

Fig. 2 shows graphically the various corrections applied in a given line 
to change galvanometer deflections into transmissions. After the deflec- 
tions were corrected for slit width, they were changed to light intensities 
by means of the proper characteristic curve for their central wave-length. 


“Smith, Proc. Roy. Soc. A106, 400_(1924) " 
% Harrison, Proc. Nat. Acad. Soc. 8, 260 (1922) 
“ Sur and_Ghosh, Phil. Mag. 49, 60_(1925) 
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Using the average intensity of the two edges of the line as unity, and 
assuming that this intensity would have been uniform across the line if 
no absorption had taken place, the transmission curve across the line 
was then plotted. A number of these transmission curves for the same 
line at different vapor densities were then compared, and no regular 
dissymmetries were found. The two sides of each line were then averaged 
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Fig. 2. .Chart showing the corrections which were applied to galvanometer de- 
flections of the densitometer to obtain the true transmission curve of an absorption line. 
The original deflections, plotted in (1) against distances along the plate, were corrected 
for densitometer slit width in (2). These deflections were then transformed into light 
intensities striking the plate at the wave-length considered, by means of the calibration 
curve shown in (3). The resulting light intensities, in (4), were changed into percentage 
transmission in (5), by comparison with the value of J at the edge of the line, which 
was taken as J. Finally, in (6), the two sides of the line were averaged and corrected 
for sensitometer slit width. 


together, and the resulting transmission curve was corrected for the sensi- 
tometer slit width by the method of Slatter.“ Finally, the ratios (1/Jo) 
obtained were tabulated with their corresponding (A—Xo) values, as 
shown in Table I. 


RESULTS 
By the above method, and from data similar to that given in the first 
and third columns of Table I, the depths, breadths, and areas of the 
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second to sixteenth lines of the sodium principal series were determined 
at eighteen vapor densities, some of the weaker lines being omitted at the 
lower densities, and some of the stronger ones at the higher. One hundred 
and eighty tables similar to the above were thus made. Detailed tabula- 
tion of the depth, breadth, and area values would have little worth, 
however, since theory indicates that the exponential law cannot be 
expected to hold for such narrow regions of absorption by atoms. Instead 
the data were used to calculate the relative transition probabilities for 
the different stationary states in the sodium atom, and also the relative 
numbers of atoms absorbing in each case. 


TABLE I 


Plate 26a. Spectrum 9. Line 3 (2853 A) 


Values of —1/log(J/Jo) 
(A —Ao) (A —Ago)? I Io R=1 90 R=1.047 
27 
39 
03 
.79 
00 
13 
54 


0 0 38 38 
2 4 40 51 
4 16 49 3.22 
6 36 57 .10 
8 64 66 5.55 
10 100 72 
12 144 80 
14 196 84 
16 256 89 
18 324 , 93 


c, =25.1 R 


Or OOAUwWwWwNhN 
| AN OnNUFONNN 


1 
1 
1 





The method used to obtain these results has been outlined by Slater." 
He obtains the formula 


3.31-1077 fe 
Beg een * ~ 
Nxro C2 


where B,;; is the probability of a transition from state 7 to state 7 caused 
by the absorption of radiation, e is the base of natural logarithms, c the 
velocity of light, N the number of absorbing atoms, x the length of 
absorbing path, 4 Planck’s constant, and X» the central wave-length of 
the absorption line, while C, and C, are constants for a given line obtained 
from the formula 


(A—Xo)?=C,[—1/logio(I/Is) —C2] 


which gives the shape of the line. Hence, if (A—Ao)? is plotted against 
—1/logio(J/Jo) a straight line should result. Values for a typical line 
are plotted in Fig. 3, the data used being given in Table I. When the 
first curve was plotted it was found to be convex upwards. Dr. Slater 
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noted, however, that if the value of 7) was multiplied by a small factor 
R the curve became a straight line; this result indicated that the failure 
to obey the formula was due to the band absorption which masked the 
true edge of the line, this being much wider at its top than at first sup- 
posed. In every one of the many cases in which this method was applied 
the factor had a value lying between 1.03 and 1.20, indicating that the 
result was not accidental. In most cases the points fitted a straight line 
better than in that illustrated, and in a few not quite so well, but for 
every absorption line the value of the factor R which made the points 
most closely approximate a straight line was found by trial and error. 
The value of C, was obtained from the intercept of this line, and the 





O-rAd Clear . q 
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Fig. 3. The curve marked with crosses gives the data involving line shapes as 
originally measured; the curve marked with circles gives the corrected data as plotted 
after the best value of R had been found by trial and error to give the nearest approach 
to a straight line. 


constant C, from its slope c, by multiplying by the square of the dis- 
persion of the spectrograph for that wave-length in angstrom units per 
.02 mm, c; being in .02 mm units. After C; and C, had been found it was 
possible at any time to get the depth, half-breadth, and area of the line 
from them by Slater’s formula. 

After the constants had been determined for all of the lines which 
could be measured at a given vapor density, they were independently 
plotted against the term number of the line to which they belonged. 
An example of this is shown in Fig. 4. The values of c; were plotted 
instead of those of C,; because its curve was of simpler form. The general 
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nature of the smooth curve connecting the points being evident, each 
constant was corrected by adjusting its value to fall on this curve. Due 
to the numerous corrections which had to be applied it was not to be 
expected that each value would be very accurate, but by averaging a 
large number of determinations the results obtained were quite satis- 
factory. 

In Table II is given a typical set of corrected values of constants. 
Only the first nine lines are included for brevity. The terms in the last 
column are proportional to NxB,;, and since x remained constant at 10 cm 





Averacinc Curves 
for C. and Ces 











0 





Fig. 4. Curves connecting c; and C; with term number, used to correct individual 
values by comparison with their neighbors. 


throughout the experiments, to NB;;. These values were then plotted on 
semi-logarithmic paper against the term numbers of their corresponding 
lines, one curve being made for each vapor density. Nine of these curves 
were plotted on one sheet, and nine on another. The two resulting sets 


TABLE IT 





Plate 26a. 
Ci/C: VC;/ Ce v (Ci/ C2) /re 


Spectrum 8. 








2) 
~ 





pe 1.58 4.78x10~ 
.258 508 1.79 
107 327 1.22 
.050 224 . 86 
.024 155 .61 
121 48 
.098 39 
081 33 
070 
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of approximately parallel curves were used to make two average curves, 
since all should presumably have the same shape, being merely displaced 
up or down on the log;9 NB;; axis due to their different N values. The 
two resulting average curves were seen to be practically identical. The 
average of the two was then fitted to each individual curve of the two 
bands, and the anti-logarithm of the end of each found, giving the relative 
value of N for that curve. This procedure seemed legitimate, since the 
results showed on the average no decrease in relative probability of the 
higher members with increasing vapor density. All the values of RNB;; 
(k=proportionality factor) measured, up to the tenth line, are given 
in Table III, together with the corresponding values of N for each vapor 
density as found by the method outlined above. This would seem to be 
a very sensitive and accurate means of determining relative atomic vapor 
densities at high temperatures. It will be noted that the variation in 
vapor density was approximately four and one-half fold. The lowest 
density was taken as unity. 


TABLE III 


Spectrum N Values of kNF;; for the various lines 
(relative) 3 4 5 6 7 8 9 

00 
33 
78 
86 
86 
03 
08 
11 
30 
44 
.50 
.78 
92 
11 
61 
.64 
81 
41 


25bi1 
28b6 
25b10 
25a8 
26a8 
28b7 
25b9 
25a9 
25b8 
26a9 
25b7 
28b8 
25b6 
26a10 
25b5 
25a10 
28b9 
25b4 


oe > Ow bd 


| mw wm Ge Ge DO NO AO IQ ee ee 
‘ je t 
WwW NO DO DO IRD ee et ee ee et et et ee ee 
. . + ane aes oe ‘ 


1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
4 


After the NV values had been found by applying the average curve to 
each individual curve, the latter were all reduced to a common vapor 
density by dividing each kNB,; by its proper N. The various values for 
each line should then have been the same, so they were all added together 
and the mean taken. The resulting mean values were then multiplied 
by N again, giving the corrected form of the curve for each vapor density. 
The probable error for each line was calculated, and is given in Table IV, 
the percentage error for the lines at the two extremes being greatest, 
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because these were most difficult to measure and hardest to correct, and 
also because the smallest number of determinations were made for them. 
These probable errors give only an idea of the variation obtained in 
the results of the experiment; no estimate can be given of the actual 
probable error until the investigation has been repeated with a spectro- 
graph of higher resolving power. 

From the final grand average the ratios of the successive values of 
kB;; were computed, these being given in Table IV together with the 
final relative values of B;; and those of A,;, the probability of a spon- 
taneous transition from state j to state 7 with the emission of radiation. 
The formula for A;; as given by Slater" is 


f 5.46-10 Je 
io Nxhro! C2 


Also the ratios of successive terms for A,; are given in the table. 


TABLE IV 


Probable (Bgj)n/(Bij)nar k’Ag; (Agj)n/(Asi)nes 


error 


3303 85 .098 
2853 .043 
2680 .030 
2594 ‘ .012 
2543 ; .007 
2512 a 004 
2491 ' .006 
2475 .006 
2464 ‘ .009 
2455 pet 
2449 

2444 

2440 

2437 

2434 215 
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In Fig. 5 are plotted B;;, A;;, and the ratios of each of these for succes- 
sive lines, against term number. Various attempts to extrapolate these 
curves to include the D-lines proved fruitless; all devices tried indicated 
that the probable error would be very great, due to the tremendous dif- 
ference in probability between the 1g¢—27:2 jumps and the 1o—3m.2 
jumps. The different methods gave values for the ratio A;;,/Aijz varying 
between four and twelve. In Table V are listed the available experimental 
results and predictions of the writers mentioned above for relative values 
of A,;. The value for the third line is taken as unity on account of the 
uncertainty about the D-lines in the present work, although these are 
usually taken as a reference. The agreement between Hoyt’s theoretical 
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predictions and the experimental results here given is evidently close. 


It is unfortunate that further overlapping of data does not occur, but it 


is hoped that the results here published will induce theoretical physicists 
to extend their calculations to higher members of the series. This presents 
certain difficulties, since the approximations made are not always valid 
for higher terms. 





Re; xB; 2 3 7 8 s 10 it 12 13 bed 6 16 
sho Term Number 























Fig.5. Curves connecting B;; and A,;, as well as the ratios of successive By; and Ag 
values, with term number. 


The relative intensities of the higher members of the series and the 
continuous absorption beginning at the limit have been measured, and 
will be discussed in a later paper. The determination of absolute atomic 
absorption coefficients and the breadths of the lines, as obtained from 


TABLE V 


Relative values of Aj; given by various papers. 


Thomas Hoyt Bevan-Ladenburg This paper 
Line (theory) (theory) (experiment) (experiment) 
1 3.0—44.0 7.1 26.0 (4—12)? 
2 1.67—4.2 1.57 4.22 1.56 
3 1 1 1 1 


the results listed above, will be given shortly in a paper to be published 
in collaboration with Dr. J. C. Slater, to whom I am indebted for nu- 
merous suggestions concerning the interpretation of the results listed 
above, and I am very grateful for having had the opportunity of dis- 


cussing the present paper with him. 


JEFFERSON PHysIcAL LABORATORY, 
HARVARD UNIVERSITY, 
February 14, 1925. 
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METHODS FOR DETERMINING TRANSITION 
PROBABILITIES FROM LINE 
ABSORPTION 


J. C. SLATER 


ABSTRACT 


Computation of quantum transition probabilities from measurements of 
absorption in spectral lines.— The various steps are discussed, practical methods 
being given for performing the calculations. The absorption coefficient can be 
found by the exponential law from knowledge of the intensity of absorbed and 
non-absorbed light. In doing this, the intensity curve must be corrected for 
slit width, and a simple method for this, applicable when there is good resolu- 
tion, is given. Also methods are given for fitting constants of the ordinary 
formula for absorption coefficient in a spectral line to the observed data. 
Several points connected with half breadth, failure of the exponential law with 
poor resolution, are discussed and finally formulas are given for finding the 
atomic transition probabilities from the constants of the absorption formula. 


HE experimental determination of the coefficient of absorption in 

the line spectrum of gases is beginning to be important, on account 
of the connection between the strength of absorption lines and the prob- 
abilities of transition between energy levels. The present paper contains 
discussions of the various steps encountered in translating the experi- 
mental data into atomic constants, and gives the necessary formulas, in 
form adapted for practical use. It was formulated at the suggestion of 
Dr. G. R. Harrison, who has recently made measurements of absorption 
coefficients in the principal series of sodium and potassium,' and who 
thought that a brief résumé of practical methods for reducing the data 
of such experiments might be of interest to other experimenters in the 
same field. I am indebted to Dr. Harrison for many valuable suggestions 
in writing the paper. 


1. EXPONENTIAL Law OF ABSORPTION 


The product of experiment may be taken to be two spectrophotometric 
curves. The first shows the intensity of light at each point of the spectrum 
which has passed through the absorbing substance and reached the 
measuring device, whether this be photographic plate or other arrange- 
ment. The second similarly shows the intensity for the light which 
was received when the absorbing substance had been removed. The 
methods by which intensity of light is deduced from the observed photo- 


'G. R. Harrison, preceding paper in this issue. 
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graphic density need not be discussed here. These spectrophotometric 
curves will not truly represent the intensity distribution in the light 
which enters the spectrometer, on account of the finite resolution of the 
instrument, arising principally from the finite slit width, and the first 
step is to correct for this as far as possible. This correction is discussed 
in section 2. 

The desired result ‘s the absorption coefficient for each wave-length; 
that is, the relative decrease in the intensity of monochromatic light of 
that wave-length, passing through an infinitely thin sheet of the absorbing 
material, divided by the thickness of the sheet. The absorption coefficient 
can be deduced immediately when the true intensities of absorbed and 
non-absorbed light are known, provided we know also the distance x 
which the light has traveled in the absorbing material. For if J) repre- 


sents the intensity of the light before absorption, J the intensity after 


traveling a distance x, and k(A) the absorption coefficient for wave- 
length A, then by definition 
dI/Idx = —k(d) (1) 
from which immediately follows 
I=I,exp {—k(A)x}, (2) 
where exp | } represents e raised to the power; and 


k(A)x = —log(J/Io) =log(1)/J). (3) 


2. CORRECTION FOR FINITE RESOLUTION 


In consequence of finite resolving power, the intensity distribution 
in the light which strikes the spectrometer is not truly represented by 
the resulting spectrum. If exactly monochromatic light should fall on the 
slit, a broadened band would result, on account both of the width of the 
slit and the finite resolving power of the optical system. As an approxi- 
mation, we may suppose that this band has a sharply defined breadth 
A in units of wave-length on the spectrum, and that the illumination is 
constant over the band. A in general varies with the wave-length, and is 
assumed known. If the incident light is of continuous spectral distri- 
bution, it may be considered made up of a great many monochromatic 
components, extremely near to each other. Each such component 
produces a band of width A in the observed spectrum, the intensity in this 
band being proportional to the intensity of the monochromatic component 
in the actual spectrum. At a given point of the observed spectrum, there 
will be an overlapping of the bands from all actual wave-lengths within 
a range of A/2 on either side of the actual wave-length associated with 
the point of the spectrum in question. Thus the intensity of the observed 





METHODS FOR DETERMINING TRANSITION PROBABILITIES 785 


spectrum at a point of wave-length \ is the average, from A\—A/2 to 
\+A/2, of the actual intensity. We are given these averages, and required 
to find the original curve. 

If the true spectrum has an intensity which varies greatly in the spec- 
tral region A, the problem cannot be solved. This is the case where the 
instrument has not sufficient resolving power to resolve all the structure 
of the spectrum, and the structure cannot be deduced from the observa- 
tions. On the other hand, if the spectroscope is of sufficient resolution for 
the spectrum which is being observed, it is easy to set up approximate 
methods of solving for the true spectrum. It should be noticed, however, 
that it is not in general possible to tell by examination of the observed 
spectrum whether there is unresolved detail or not; only our general 
knowledge of the nature of the spectrum in question can tell this. 

In case we can be sure that the true intensity varies so little in a region 
of the order of A that we can express it by a power series of a few terms, 
we can find the true curve from the observed one by a method given by 
Runge.’ Since this method does not seem to be well known, we give here 
the first approximation to it, obtained by supposing that the true intensity 
curve can be approximated by a parabola in a region of the order of A. Let 
the true intensity be f(A), the observed intensity g(A). Then we approxi- 


mate f(A) at X=» by a parabola passing through the points f(Ao), 
f(Ae— 4/2), fAoe+A/2). This curve we may call fo(A); its equation is 


fold) = f(do) + [fo+4/2) — f(4o—A/2)] (A—Yo) /A+ 
2 [f(Ao+4/2)+ f(Mo—A/2) — 2f (Ao) | (A—Ao)?/A? , (4) 


as may be seen by substitution. Then g(Ao) is the average of f(A) from 
Ao —A/2 to Ao+A4/2; and we may approximate by substituting fo(A) for 
f(r). 

1 (ta 
9(Xo) -—f fo(A)dr= (Ao) + | {(o+A 2)+f(ro—A 2) — 2f(ro) }/6 (5) 

ot ae 
To the approximation with which f(A) can be replaced by a parabola, the 
quantity 

f(o+4/2)+f(Ao—A/2) —2f(Ao) , (6) 


which is the only variable part of the coefficient of the square term in (4), 
must be independent of A»; for the coefficient of the square term of a 
parabola is independent of the choice of origin of coordinates. Then if 
(5) is regarded as defining g(Ac) as a function of Ao, ¢ equals f(Ao) plus a 


?See Paschen, Ann. der Phys. 60, 712 (1897) 
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quantity relatively independent of Xo; that is, ¢ is f slightly shifted bodily 
upward by an amiount one sixth of (6). From the resulting similarity of 
the curves for ¢ and f, we may then replace (6) by 
g(Ao+A/2)+¢(Ao—A/2)—2p(Ao) , (7) 
so that (5) becomes 
(do) = (Ao) — [e(A0+4/2) +9(A0o—4/2) — 2p (Ao) ]/6 . (8) 


This suggests a simple construction for f(Ao), when ¢ is given: Connect 
the points g(o+4/2) and g(Ao—A/2) by a straight line. The line \=Xo 
will then pass through g(Ao) and through the mid point of the straight 
line. The intercept of \=A» between the straight line and the ¢ curve 
equals one half of (7), so that one third of the intercept is the constant in 
(8), to be subtracted from the ¢ curve to find the f curve. 


3. CONSTANTS IN LINE ABSORPTION FORMULA 


The formula of dispersion theory for the absorption coefficient may 
be written, if we are interested only in wave-lengths A which are near 
enough the natural wave-length A» so that A—A» can be neglected in 
comparison with Xo, 


k(\) = constant/ [((A- do)?-+ constant’ . 


The two constants in combination determine the integrated absorption, 
while the second alone regulates the breadth of the line. For practical 
purposes, a convenient form for the constants proves to be that given 
by the equation 


k(A) x =Cylog.10/[(A—Avo)?+C,C2 | > (9) 


where x is the length of path, as in (2) and (3), and the quantity log,10 
is inserted so as to bring the final formula in terms of logarithms to base 
10, for convenience in computation. Then we can immediately write, 
from (3), 
C1/|(A—do)?+C1C2] =logio(Io/J) , 
(A—Xo)?=Ci[1/logio(To/T) —Ce] . (10) 


Thus, if (A—Xpo)* is plotted against 1/logio(Jo/J), a straight line should 
result, if the absorption coefficient really follows the formula of dis- 
persion theory. This straight line has a slope C,, and intersects{the 
axis of abscissas at a point whose coordinate is Cy. The twosconstants 
can be read off at once from such a curve, simply by drawing the best 
straight line through the observed points, and finding its slope and 
intercept. 
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A case more likely to arise in practice is that in which the absorption 
coefficient is the sum of a term like (9), and a term which is approxi- 
mately constant over the line. The latter can arise from continuous ab- 
sorption, band absorption which does not vary greatly with wave-length, 
or small absorption on account of partial overlapping of neighboring 
lines. If we let K(A) be the total absorption coefficient, which should 
occur in (3), R(A) the part of it due to line absorption, given by (9), and 
k’ the constant part, then K(A)=(A)+2’. Instead of (10), we have 





1 
(A—d =c,] - cs]. 11 
ree logio(Io/I)—k’x/log.10 Biller gay 


When (A—Ao)? is plotted against 1/[logio(Jo/J)], this equation is easily 
seen to give, not a straight line, but a hyperbola. The most feasible way 
of solving for the constants of this equation seems to be to find by trial 
the value of k’x such that when (A—Ao)* is plotted against 1/[logio(Jo/J) — 
k’x/log.10], the result is a straight line, and then read off C,; and C; 
as before. This amounts to finding by trial a fictitious value of J» equal 
to the actual J» multiplied by exp { —k’x}, or the intensity which the 
incident beam would have if subjected to the continuous absorption but 
not to the line absorption, and treating this as the incident intensity for 
line absorption. The same method can be used if the true incident in- 
tensity J» is not well known, the intensity being simply adjusted by 
trial until the resulting curve is a straight line. It is found in practice 
that the constant k’x can be readily determined by a small number of 
trials. This method not only serves to determine the constants of line 
absorption when continuous absorption is also present, but it also fur- 
nishes a rather sensitive determination of the amount of continuous ab- 
sorption, separating it satisfactorily from the line absorption. 


{. PosstBLE ERRORS IN THE CASE OF VERY NARROW ABSORPTION LINES 


Experimenters are inclined to specify a line by its half breadth and 
area, or by some such method, and this will be discussed in the present 
section. Errors are likely to appear when lines are described in this 
manner, because the shape of a line varies as we pass through the absorb- 
ing medium. Suppose we have a substance with a narrow absorption 
line, and pass white light through a moderate length of it. If we have 
the proper length column, almost all the light will be removed in the 
wave-lengths in the center of the line, while considerable light will get 
through of the wave-lengths at the edge of the line. But suppose now the 
length of column is greatly increased. Very little more light from the 
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center of the line will be absorbed, simply because there is very little 


left to be absorbed; but light from the edges, where the absorption coeffi- 
cient is much less than in the center, but still appreciable, will be ab- 
sorbed, so that light from a wider band of wave-lengths will be removed 
from the spectrum. As the length of the absorbing column becomes 
greater and greater, light is removed from a broader and broader region, 
until finally, if a long enough column could be used, the light from the 
whole spectrum would be absorbed. Under these circumstances, it is 
plainly of no direct significance to speak of the half breadth in the spec- 
trum of the transmitted light. 

Analytically, we can easily see the same thing. If the absorption coeffi- 
cient has the value given in (9), then from (2) we have 


I =Iyexp{ —Cylog,10 ‘[(A—do)?+C1C2}} , (12) 


where as before exp denotes the exponential. For small values of C, (it 
will be remembered that C, contains x, the thickness of the medium, as 
one of its factors), this can be approximated by 


I =Io{1—Cylog.10/[(A—Xo))?+C,C2}} . (13) 


If here C; were to change, that would not change the shape of the ab- 
sorption line, which can best be defined by (Jo—J)/Jo. But when the 
exponential can no longer be replaced by its first two terms, (Jo—J)/Jo 
no longer remains of the same shape. 

In the region where (13) holds, the half breadth is the distance be- 
tween the two points where (J>—J)/Jo has half its maximum value. It is 
immediately seen to be 


(14) 


in wave-length measure. In this same region, the area under the curve 
(Ip —I)/Io, integrated over all wave-lengths, is 


T log .104/(Ci/C2) ‘ (15) 


Closely connected with the change in shape of a line, described above, 
is the fact that the exponential law (2) does not hold if the observed, 
rather than the true, intensities are used. For suppose an extreme case, 
in which the slit was so broad that monochromatic light would be spread 
out into a broad band compared with the natural breadth of the line we 
are interested in. Then, from the formulas in sections 2 and 4, we should 
have the observed intensity equal to Ip. f'dd exp | —k(A)x }, the integral 
being over the band of width A, within which k(A) varies greatly. This 
does not by any means vary with x as an exponential function, so that 
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the method of section 1 cannot be used to determine the absorption 
coefficient. In this case, which is essentially the situation where the 
resolution of the instrument is insufficient to resolve the detail, there 
seems to be no direct way of finding the absorption coefficient from the 
data. When the resolution is sufficient, the only correct method seems 
to be to apply the slit width correction, obtain the absorption coefficient 
from the exponential law, (2) or (3), and work with this coefficient. 
This seems not to be generally appreciated by experimenters. 


5. CONSTANTS IN THE QUANTUM THEORY OF ABSORPTION 


A quantum theory of dispersion and absorption has recently been 
proposed by the author,’ leading to an absorption formula of the type (9). 
The connection between the constants C, and C, and the theoretical 
constants will now be derived. The derivation could bé made, as usual 
in dispersion theory, by considering the amplitudes and phases of the 
wavelets emitted by the atoms under the action of radiation; but the 
same result can be more easily obtained by direct use of the energy 
principle. It was assumed in that paper that if light whose energy density 
in frequencies between v and v+dy was p(v)dv, shines on atoms in the ith 
stationary state, then there was a probability B(v)p(v)dv that each atom 
would, in unit time, have a transition to the jth state, with increase of 
energy hyo, where vo is the frequency of the transition 7-7. B(v) is a func- 
tion of v, characteristic of the transition 7-7, and its value will be given 
in (17). The energy going into the increased atomic energy was further 
shown to be abstracted, on the average, from the radiation of frequency 
v passing over the atoms. If then there are N atoms per unit volume in 
the ith state, there are Ndx in a sheet of unit cross section and height dx; 
and if light of density as specified above shines along the x axis, energy 
Ndx B(v)p(v)hvody per second will be abstracted" from the light and 
communicated to the atoms. An amount of-energy cp(v)dy, where c is 
the velocity of light, flows through the sheet in a second. Thus the 
fraction of the energy of the light which is removed by passing through 
the sheet is Ndx B(v)hyo/c. This is the same as the fractional decrease in 
intensity, so that we have by (1) 

—dI/Idx =k(d) = NB(v)hvo/c. (16) 

It is further assumed in the paper quoted that 

Biv) = Bi; (1/m) (Pit P;)/2e 
[y—vo]*+ [(Pit+ P;)/2]? 
+ J. C. Slater, Phys. Rev. 25, 395 (1925) 





(17) 
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where B,; is the same as Einstein’s coefficient of probability B, and P; 
and P; are respectively the probabilities of leaving the states 7 and j. 
The quantity P;+/P; determines the broadening; and since there is no 
need for the present purpose to confine ourselves to the specific theory 
of broadening involved in this formula, we shall write P in place of P;+P;, 
and make no explicit connection between P and other quantities. We 


then have . 
NB; ;xhvyo P 1 
k(A) x = ————_ — ; (18) 
™C 2x |»—ve|?+[P/24]? 





To compare this with (9), we substitute for \ in terms of v. We shall 
suppose \ to be measured in angstrom units. Then »v=c/(AX10-%). 
Treating (vy —v») as a small quantity, which is allowable with the approxi- 
mations we are, making, y—vo= —10%c(A—Xo)/Ag?. Then (18) becomes 

NB, ;xhPr,F 1 


R(A)x — , 
2e2c2 108 ~=[A—Ao]?-+ [| Pro?/2xc108}? 





(19) 


By comparison, we see that this is of the same form as (9), and that the 
constants are given by 
C, = NB, ;xhP),/27°c?108 log.10; CiC, =[Po?/ 221 0%}. (20) 
From these we solve for the two constants B;; and P/2m determining 
the total absorption and breadth of the line 
IC; P 10%¢ Fo oP (21) 
— 5 = @ Vv , 
Cy"! Oe sage 
Finally, we may determine Einstein’s probability A;; from this by the 
equation A ;;=(8rh»,3/c*)B;;, disregarding the effect of a priori prob- 
abilities. Then 


Src log.10K10% /C; 
es NxXo' C2 





Ai; (22) 
It is to be recalled that in Eqs. (19) to (22), Xo is to be expressed in 
angstrom units. 


JEFFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY, 
February 18, 1925. 
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THE NATURE OF THE IODINE LINE 2062A 


By Louis A. TuRNER* AND K. T. Compton 


ABSTRACT 


Dissociated iodine vapor at 1100° to 1500°C in a quartz tube failed to show 
any resonance fluorescence of the 2062 line in a 78 minute exposure in the 
same apparatus in which mercury vapor gave a detectable fluorescence of the 
2537 line in a 1 second exposure. This fact and the narrowness of the 2062 
line in absorption, seem to indicate that the lower level involved in the transi- 
tion producing this line is not the normal state of the atom but is a slightly 
higher one. A calculation based on the observed line width shows that this 
level is probably at least 0.545 volt above the normal level and suggests that 
there may be a resonance line of atomic iodine at about 1800A. 


EVERAL observers' have called attention to the great intensity of a 

line in the emission spectrum of iodine vapor, of wave-length about 
2060A. Two years ago, while we were performing some experiments 
with a low voltage arc in iodine vapor, it was found that this line was so 
intense as to suggest that it may be due to a transition between an 
excited state and the normal state of the iodine atom. It is prominent 
in the spectrum of a discharge in iodine vapor which excites, otherwise, 
only the band spectrum, in the region from 1880 to 6000A. It is partic- 
ularly strong in arcs in iodine vapor and, with many other lines, in the 
electrodeless ring discharge. Gerlach and Gromann!' observed the 
absorption of this emission line by iodine vapor but under conditions 
such that absorption by undissociated I, molecules was not entirely 
eliminated. 

It occurred to us to try absorption and resonance fluorescence tests on 
this line, in order to determine whether or not this line actually represents 
a transition to (in emission) or from (in absorption) the normal state of 
the iodine atoms. Before the completion of these experiments, there was 
published by Fiichtbauer, Waibel, and Holm? an account of an experi- 
ment on the absorption of atomic iodine, in which it was found that a line 
of wave-length 2062.1 appeared as an absorption line against a continuous 
background although it was so narrow that it was only observed when 
broadened by the admixture of three atmospheres of argon. 

* National Research Fellow in Physics at Harvard University. 

10. Oldenberg, Zeits. f. Phys. 18, 7 (1923) 

Ludlam and West, Nature 113, 389 (March 12, 1924) 


Gerlach and Gromann, Die Naturwissenschaften 12, 578 (1924) 
* Fiichtbauer, Waibel and Holm, Zeits. f{. Phys. 29, 367 (1924) 
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We proceeded, therefore, with experiments to determine whether 2062 
is a resonance line of atomic iodine. The iodine vapor was contained in 
a clear fused quartz tube of 2.5 cm diameter and 50 cm length, closed by 
an optically ground clear quartz window. Iodine was distilled into the 
tube after thorough evacuation and heating, and its vapor pressure was 
regulated by the temperature of an attached appendix. Light originating 
in the vapor along the axis of the tube could pass to the slit of a spectro- 
graph through a system of diaphram stops adjusted to prevent light 
scattered by the quartz walls from entering the slit. The quartz tube was 
heated by a battery of Bunsen burners to a temperature of at least 1500°C 
on the bottom and 1100°C on the top, as shown by the fusion of small 
wires of different materials. At this temperature and 0.13 mm pressure 
the iodine was at least 99.9 percent in the atomic state. 

The exciting source of 2062 radiation was a similar tube containing 
iodine vapor at 0.03 mm excited by a 3.5 kv high frequency current in a 
surrounding helix of ten widely spaced turns. This formed a very intense 
source of the line 2062. This ‘“‘source’’ tube was placed parallel with the 
first tube, at a distance of about 10cm. The first tube was protected from 
induced electrical excitation by a surrounding short-circuited copper 
helix. 

The experimental results are briefly as follows. No trace of the line 
2062 (or any other) was observed in resonance in pure iodine vapor or in 
mixtures of iodine and argon with different pressures of argon up to 25 cm, 
The longest exposure tried was 78 minutes. Failure to observe resonance 
was not due to a failure of the exciting 2062 light to penetrate the region 
of hot gases from the Bunsen flames surrounding the tube, since, by 


slightly shifting the diaphram stops so as to expose the spectrograph 


slit to radiation which may be scattered from the walls of the quartz 
tube, the spectrum of the exciting source, including 2062, was photo- 
graphed in an exposure of a few minutes. 

In order to see whether the failure could be ascribed to lack of efficiency 
of the apparatus for producing or detecting resonance radiation, the 
iodine in both tubes was next replaced by mercury vapor. In this case one 
second was sufficient to bring out distinctly the mercury resonance line 2536. 
When a glass plate was placed between the two tubes no lines appeared 
with a 30 second exposure, thus showing this to be a true resonance 
effect. 

We must conclude, therefore, that the line 2062 is not a resonance line. 
How then are we to explain the absorption observed by Fiichtbauer, 
Waibel and Holm? 
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The most obvious explanation is-suggested by the fact that the narrow- 
ness of the absorption line and the failure to show resonance both point 
to a number of effective atoms which is much less than the total number 
of atoms present in the tube. The results are explained if the atoms which 
absorb 2062 are not in the normal state, but in a state whose energy is a 
little greater. Since the absorption was observed in vapor at 1050°C, a 
certain number of atoms would be thermally excited to the state in which 
they can absorb the 2062 line. A necessarily very rough calculation sup- 
ports this conclusion and suggests the relative energy of the normal state. 

A generalization of the theories of Raleigh and Lamb, leading to an 
expression for width of absorption limes* 

log.J = log.Jo— 1.53(10)-"(A/AA)* Nz 

is based on very general considerations and is not known to be in dis- 
agreement with any facts. It applies to “true” line width, and not width 
due to Doppler or impact damping effects. In the present case the ob- 
served width was 0.1A, whereas the Doppler width would have been 
0.0057A, so that we shall assume the above equation to be applicable, 
discussing later the effect of impact damping. I, is the intensity of ab- 
sorption at the center of the line of wave-length A, J is the intensity at 
a distance AX from the center when the absorption is due to a path z 
through a gas containingV absorbing centers per unit volume. If we 
define (roughly) the line width as the distance between points at which 
the absorption is half that at the center, we have, from the experiments 
of Fiichtbauer, Waibel and Holm, J=J)/2, AX<0.05A, \=2062A, 
Z=7 cm. Hence N <3.77 (10)" absorbing centers per cc. Since, in their 
experiments, the pressure of iodine was 3 mm and the temperature 
1050°C, the number of atoms per cc was 2.24(10)"*. Thus we estimate 
that not more than 1/60 of the atoms present were effective in absorbing 
2062. : 

This represents an upper limit, since we neglected the broadening due 
to the presence of argon (impact damping). Without this the line certainly 
would have been much narrower. There is no known basis of estimating 
the effect of the argon so as to arrive, from the experiments above, at 
the true line width with sufficient accuracy to make it worth while for 
discussion. Had the true width been comparable with 0.1A, it would not 
have been necessary to add the argon to observe the line. The estimated 
number of absorbing centers varies as the square of the line width. 

If we knew, accurately, the number of absorbing centers, from the true 
line width we could make an approximate estimate of the energy of the 


* J. Q. Stewart, Nat. Res. Council Bull. on Gas Opacity (in print) 
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normai state of the iodine atom by applying the Fowler and Milne equa- 


tion’ 
fy 


where f; is the fraction of atoms in the state 1, differing in energy from 
the normal state 0 by W, and the gs are the a priori probabilities of the 
states. 

If, as is probable, the normal state and the state responsible for 2062 
are members of the same multiple level, it is probably double or quad- 
ruple, as suggested by the position of iodine in the periodic table. If it is 
a p doublet, g:/qo=2; if a d doublet 9:/q¢o=3/2; if a p multiple level of a 
quadruplet system, g: probably equals 3; and there will be other states 
specified by 2, 1; etc. If we assume g:/qo=2, take f; = 1/60, and T= 1050 
+273°K, we find W=0.545 volts. 

Thus the normal energy level of atomic iodine probably lies at least 
0.545 volt beyond that from which 2062 originates, so that the resonance 
potential should exceed 6.535 volts. The resonance line of atomic iodine 
must thus be of wave-length less than 1890A. Since the ionization poten- 
tial is about 8.8 volts,’ the resonance radiation cannot be of wave-length 
shorter than 1400A. A very uncertain estimate of the effect of the argon 
on line width led to about 1750 as a lower possible limit to the resonance 
wave-length. 

These considerations and also the laws of multiplet separations suggest 
that the first radiating transition from the normal state in atomic iodine 
involves radiation of wave-length less than 1890A, but probably much 
nearer to this value than to the series limit of about 1400A. If this un- 
discovered state is one of a multiplet, to which the source of 2062 radia- 
tion also belongs, the experiments on absorption and resonance of 2062 
are explained. We should then predict the existence of one or more strong 
lines, arising from the lower multiplet levels, of wave-lengths shorter 
than 2062, the lowest being shorter than 1890, and we should expect to 
find the stronger subordinate series lines in the near infrared. 

One of us (L. A. T.) is now working with Dr. R. S. Mulliken in a study 
of some lines in the predicted region, which he has discovered. The 
experiments will be described in a later communication. 


PALMER PHYSICAL LABORATORY, 
PRINCETON, NEW JERSEY, 
March 18, 1925. 


‘Fowler and Milne, Monthly Notices R. A. S. 83, 408 (1923) 
5 Smyth and Compton, Phys. Rev. 16, 501 (1920) 
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THE DISTRIBUTION OF INITIAL VELOCITIES AMONG 
THERMIONIC ELECTRONS 


By L. H. GERMER 


ABSTRACT 


The method used was to measure the number of electrons from a straight 
tungsten filament which were able to arrive at a co-axial cylindrical electrode 
against various retarding potentials. In order to eliminate certain disturbing 
factors, particularly photo-electric effects, this electrode was made in the 
form of a very fine grid and those electrons passing bet ween the grid wires were 
collected upon an outside electrode and there measured. A rather complicated 
intermittent heating current arrangement allowed emission from the filament 
only when its surface was at uniform potential, and insured that the retarding 
potential had exactly the desired value. A current regulator kept the heating 
current constant to 1/30 percent. (1) Electrons from tungsten. Measure- 
ments of the variation of electron current with voltage were made at eight 
different temperatures ranging from 1440°K to 2475°K. Correction was made 
for the contact potential difference between filament and grid. At each tem- 
perature it was found that, except in the range of voltage where the current was 
limited by the space charge phenomenon, the current varied with voltage in just 
the manner calculated upon the assumption that the electrons leave the fila- 
ment with velocity components distributed according to Maxwell's law for an 
electron atmosphere in temperature equilibrium with the hot filament. At 
2475°K the assumed Maxwell distribution was verified up to a retarding 
potential so great that only one electron out of 10" emitted electrons was 
able to reach the collector. It is believed that the present results are more reli- 
able and extensive than any hitherto obtained, and that they are conclusive for. 
electron emission from tungsten in a high vacuum. (2) Electrons from oxide 
coated platinum. Subsequent measurements by Dr. C. Davisson have shown 
that the electrons emitted from Wehnelt cathodes also have velocity com- 
ponents distributed according to Maxwell's law. 


HE pioneer experiments of O. W. Richardson and F. C. Brown'* 

upon the initial velocity distribution of thermionic electrons have 
been followed by the work of Schottky* and the recent experiments of 
Ting,‘ Jones,’ Potter,* Réssiger’ and Congdon.* The experiments tend 
to establish the conclusion that thermionic electrons are emitted into a 
high vacuum with velocity components distributed according to Max- 
well’s law. 


! Richardson and Brown, Phil. Mag. 16, 353 (1908) 

? Richardson, Phil. Mag. 16, 890 (1908); 18, 681 (1909) 
* Schottky, Ann. der Phys. 44, 1011 (1914) 

‘Ting, Roy. Soc. Proc. 98, 374 (1920-21) 

5 Jones, Roy. Soc. Proc. 102, 734 (1923) 

* Potter, Phil. Mag. 46, 768 (1923) 

7 Réssiger, Zeits. f. Phys. 19, 167 (1923) 

8 Congdon, Phil. Mag. 47, 458 (1924) 
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With the aid of experimental refinements the present investigation® 
of this subject has greatly extended the range covered by previous meas- 
urements. The results are entirely in agreement with the view that the 
initial velocities of thermionic electrons are distributed according to 
Maxwell’s law for the velocity components of a gas of molecular weight 
equal to that of the electrons and having the temperature of the emitting 
filament. It is believed that these results possess sufficient reliability to 
be entirely conclusive for the case of electron emission from tungsten in 
a high vacuum. 

The experiment consists essentially in measuring the electron current 
flowing from a tungsten filament to a coaxial cylindrical electrode against 
various retarding voltages. This electron current is determined as a 
function of the retarding potential and the filament temperature. 

For an infinitely long cylindrical arrangement of this kind Schottky 
has shown that, if the emitted electrons leave the filament at the temperature 
T with velocities distributed according to Maxwell’s law, the current reaching 
the surrounding cylinder at a potential V negative to the filament is 
given by the expression, 


2 


/Ve 
i= ig—- — e-Ve/kT + e“dx |, (1) 
V it 


VT x Ve kT 

in which ip represents the saturation emission, e is the numerical value 
of the electronic charge, k is Boltzmann’s gas constant and the sign of 
V is chosen positive for the filament positive to the cylinder. The calcula- 
tion assumes the diameter of the filament small in comparison with the 
diameter of the cylinder. It also assumes that the current is not limited 
by the charge of the electrons in the space between filament and cylinder. 


TABLE I 
Ve/kT = logio(to/t) Ve/kT  logio(to/t) 


. 2423 10 .7698 
.5827 11 .185- 
.9523 12 .6024 
3371 4398 
.7312 .2812 
1318 .1245 
.5369 9714 
9455 § 10.0978 
3.3567 


CONAUEwWHe 
IAIN Sw 


The first term on the right hand side of Eq. (1) is predominant except 
for small values of Ve/kT. The relation between log (i9/i) and Ve/kT 
should therefore be approximately linear, and it is convenient to test 


*A brief report of the results was published in Science 42, 392 (March 30, 1923). 
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Eq. (1) by plotting these variables. As corresponding values of log (io/7) 
and Ve/kT obtained from Eq. (1) are of some general interest and are 
not readily written down from inspection of the equation, a table of such 
values is given above. The values of the definite integral were obtained 
from Czuber’s Wahrscheinlichkeitsrechnung Vol. 1 and Pearson’s 
Tables for Statisticians and Biometricians. 

Most previous experimenters have tested their results by plotting the 
above quantities and determining the average slope. Ting, Jones and 
Potter have stated in this connection that the slope should approach 
the value .405 as Ve/kT becomes large. The actual limiting value, as 
can be seen from Eq. (1), is logio e or .4343. The theoretical value in the 
range in which these observers worked is, however, about .40. In the 
present experiment observations were taken over a much greater range 
and at the largest values of Ve/kT the slope should be greater than .42. 

The experimental work to be described below consisted of measure- 
ments upon pure tungsten in a high vacuum. These measurements yielded 
values of current, retarding voltage and temperature which are in ex- 
cellent agreement with the calculated quantities of Table I. The assumed 
Maxwell distribution of initial velocities is thus verified for pure tungsten 
in a good vacuum. Since the completion of this work similar measure- 
ments have been made by Dr. C. Davisson of this laboratory upon a 
number of platinum filaments coated with the oxides of barium and 
strontium. In every case the measurements gave results in agreement 
with the calculated values of Table I, showing that the same distribution 
law holds for the velocities of the electrons from these coated filaments. 


Part I. EXPERIMENTAL ARRANGEMENTS 


A. THE EXPERIMENTAL TUBE. 


The method employed was similar to that used by previous experi- 
menters in that the essential measurements consisted in taking readings 
of the current to a cylinder from a co-axial filament while the cylinder 
was maintained at a negative potential with respect to the filament. 
It was the object of the experiment, however, to obtain greater accuracy 
than had been previously obtained and to extend greatly the range over 
which observations were taken. For these reasons it was necessary 
to consider various disturbing factors which had not been of importance 
in the work of previous experimenters. 

With the simple arrangement of an emitting filament surrounded by a 
collecting cylinder the measured current includes, in addition to the 
electrons reaching the cylinder against the retarding potential V, photo- 
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electrons emitted from the cylinder under the influence of light from the 
filament, reflected electrons leaving the cylinder, and a possible emission 
of positive ions from the filament. Preliminary tests showed the existence 
of at least the first of these disturbing currents and its great importance 
at large values of V. 

All of these extra currents were eliminated by the interposition of a 
fine grid between the filament and the collecting cylinder, the retarding 
potential V being maintained between filament and grid and the cylinder 
being always positive to the grid by about 10 volts. With this arrange- 
ment all electrons which are emitted from the filament with velocities 
sufficient to carry them past the retarding potential of the grid can reach 
the collector. The photo-electrons produced at the cylinder and the 
reflected electrons cannot escape on account of the potential between 
grid and cylinder. The collector is sufficiently positive to the filament so 
that no positive ions emitted from the latter can reach the former. There 
is still the possibility of photo-emission from the grid reaching the 
cylinder. Currents arising from this cause were observed and were 
balanced out by a method described in a later section. 

A cross-section of the experimental tube is shown in Fig. 1. The fila- 
ment is of pure tungsten 6.960 x 10-* cm in diameter and 4.75 cm long. 
It is supported horizontally from lavite blocks and held taut by a molyb- 
denum spring. It lies along the axis of a nickel cylinder A of diameter 
0.95 cm and length 6.2 cm. Except for two small bracing pieces the 
central portion of this cylinder, for a distance of 1.3 cm, is cut away and 
replaced by a number of nickel wires running parallel to the filament 
and welded to the halves of the cylinder. These wires are .013 cm 


in diameter and are placed as carefully as possible .023 cm between 


centers, forming a very fine grid separating the filament from the out- 
side collecting cylinder. This outside cylinder B, 1.8 cm in diameter 
and 2.6 cm long, is supported only by a stiff lead wire sealed through 
a special press at O. For extreme insulation this press is separated from 
other leads by a grounded copper disk sealed completely through the 
glass of the tube at P. The distance between O and P is about 4.5 cm. 
A nickel shield, connected to the grid cylinder A, completely surrounds 
the cylinder B. This shield covers the stiff support wire and extends 
nearly down to the seal at O. The leads to the filament and to the grid 
cylinder are taken out through the top of the tube, and are removed as 
far as possible from the lead going to the press at O. 

This experimental tube was sealed to a small tube containing cocoanut 
charcoal. Both were thoroughly exhausted and proper heat treatment 
given to the metal parts, the glass bulb and the charcoal. After being 
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sealed from the pumps the charcoal tube was kept immersed in liquid 
air. Ionization measurements showed that the gas pressure was not of a 


higher order than 10-* mm of mercury during the time the tube was in 
use. 


B. HEATING CURRENT SUPPLY 


The rectifying arrangement. One of the most important experimental 
requirements was an arrangement for maintaining the emitting filament 
at uniform potential during the time currents were measured. This 









































ee 


Fig. 1. The experimental tube. 


was accomplished by using an intermittent heating current and allowing 
emission from the filament to reach the cylinder only during the intervals 
between current pulses. The intermittent current was obtained by the 
rectification of 500 cycle current by means of a tungar bulb (7; in Fig. 2). 
Emission was prevented during the time heating current flowed by apply- 
ing the measured retarding potential V between the grid cylinder and 
the point a (Fig. 2) which is the negative end of a non-inductive resistance 
of 73 ohms. During a heating current pulse the retarding potential be- 
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tween filament and grid was increased by the JR voltage across this 
resistance. This reached a peak value of about 120 volts and cut off the 
emission current for all but a negligible fraction of the duration of the 
pulse. Between current pulses there was no voltage across the resistance 
and the potential difference between filament and grid cylinder had 
exactly the desired value V. 

The requirement that the potential between filament and grid cylinder 
should have exactly the value V for all of the time during which any 
electrons could reach the grid cylinder placed the two following rather 
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Fig. 2. The current rectifying mechanism. 


stringent limitations upon the wave form of the pulsating heating current. 
During the interval between current pulses no current must flow through 
the 73 ohm resistance; and the heating current pulses must begin and 
end very sharply. The wave form was made to meet these requirements 
by supplying a voltage of 500 cycle frequency from which all harmonics 
had been removed, and by the use of the rectification system shown in 
Fig. 2. This employs three tungar tubes, 7,, JT: and 73. 7, as pre- 
viously described, prevents current from flowing in the filament during 
one-half of the cycle. To accomplish this entirely it is necessary to 
prevent the reverse voltage across 7; from rising to the point where a 
slight current passes. It is one of the functions of 7; to prevent this 
reverse voltage from rising above about 15 volts. The non-inductive 
resistance r is necessary in order that the supply voltage shall not be 
short-circuited by 7; during one-half of each cycle. 

To satisfy the condition that the heating current pulse shall begin and 
end sharply it is necessary that a symmetrical current shall flow through 
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all parts of the circuit which offer an inductive reactance (e.g., the trans- 
former whose secondary is indicated in Fig. 2). This symmetry neces- 
sitates the use of 7; to by-pass the non-inductive resistance r during 
one-half of the cycle, and 7; is again necessary to by-pass the 73 ohm 
resistance during the other half cycle. In making an experiment the 
resistance r was adjusted until the output current from the main trans- 
former was approximately symmetrical. This condition was recognized 
by the zero reading of a sensitive direct current measuring instrument 
located in the circuit at the point d. 

A thorough quantitative consideration of the heating current wave 
form, based upon the characteristics of the tungar tubes, the insulation 
of the circuit of Fig. 2 from ground (which was better than 10° ohms) 
and oscillograph figures, showed that the severe requirements had been 
fully satisfied. 

The current regulator. The 500 cycle voltage supplied from the generator 
fluctuated constantly by one or two percent. Since a variation of this 
amount in the heating current of the filament caused an objectionably 
large change in the thermionic emission, it was necessary to employ some 
form of current regulating device. For this purpose there was developed 
a fairly satisfactory current regulator, of which a large vacuum tube was 
the essential element. The fluctuations of the supply voltage were applied 
to the grid of this tube and the resulting variations of the plate current 
produced the regulating effect. This apparatus operated upon one-half 
of the a.c. wave and maintained the effective value of the filament heating 
current very nearly constant. 

The constancy of the heating current was observed by means of the 
emission from a small filament heated by this current. This so-called 
“tester tube” filament in shunt with a variable non-inductive resistance 
was located in series with the experimental filament. The sensitivity of 
the milliammeter which measured the emission from this filament 
(MA2 in Fig. 3) was such that a change of 1/100 of one percent in the 
effective value of the intermittent current was easily detected. The 
regulating arrangement was sufficiently good to maintain the effective 
heating current constant to about 1/30 percent. 


C. ‘THe Essentiac CIrcult 


A diagram of the essential circuit is given in Fig. 3. In this figure the 
letters A, B, P and O refer to the same parts of the experimental tube 
as in Fig. 1. The switch S, is used to connect the filament of the tube to 
the intermittent current supply or to the storage battery V;. The value 
of the storage battery current can be accurately measured on a Leeds 
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and Northrup potentiometer used with a standard ohm. Switch’ Sy is 
used to apply the voltage V; (90 volts) between the filament and the grid 
cylinder A when it is desired to measure the saturation emission. The 
retarding potential V is supplied by the battery V, and is measured by 
the accurate voltmeter VM. When desired, the value of the potential V 
can be increased suddealy by a large amount by opening the switch Kg. 
V. applies the constant potential of 10 volts between grid cylinder A 
and collecting cylinder B. 
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Fig. 3. The essential measuring circuit. 


The current measuring system attached to the collecting cylinder 
consists of the Compton electrometer E, the Leeds and Northrup gal- 
vanometer G, and the calibrated milliammeter MA1. The electrometer 
was equipped with a series of shunt capacities making it suitable for 
measuring currents from 10-“ to 10-* ampere and the galvanometer 
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with a series of shunt resistances making it suitable for currents from 
10-* to 10-* ampere. The experimental tube and the electrometer to- 
gether with its first two shunt capacities were enclosed in a case lined with 
tin and sealed as tightly as possible by means of a heavy lid clamped 
over strips of sponge rubber. The tube of charcoal, which was attached 
to the experimental tube, projected through a hole in the case, and the 
cracks were sealed with paraffin. Dishes of drying material were always 
kept in the case to prevent electrical leaks arising from moisture. A 
telegraph sounder within the case was used to insulate or ground the 
active pair of electrometer quadrants. A small glass window in the lid 
permitted movements of the electrometer mirror to be observed. An oil 
seal in the top of the case allowed the entrance of a movable rod by means 
of which the first two shunt capacities could be brought into use. The 
electrometer case with the electrometer and its various shunt capacities 
constituted a measuring device of wide range. For the use of this ap- 
paratus the writer is indebted to Dr. H. A. Pidgeon of this laboratory. 

In Fig. 3 is shown a tube marked “‘compensator tube’? which was 
mounted in the case near the experimental tube. A small disk within 
this tube was connected to the collecting cylinder of the experimental 
tube, and this disk was insulated with the same extreme care as was 


used for the collecting. cylinder. The light from the tungsten filament 
contained in this tube was used to liberate photo-electrons from the 
disk. The direction of this photo-electric current was opposite to the 
direction of flow of current to the collecting cylinder B, and this photo- 
electric current could be used to neutralize the current due to photo- 
emission from the grid cylinder A. This current amounted to about 
1X 10-" ampere at the highest temperature of the experimental filament. 


Part II. EXPERIMENTAL RESULTS 


. The temperature of the filament was determined from the diameter 
and the heating current using the temperature characteristics of tungsten 
given by Worthing and Forsythe.'® The effective value of the interrupted 
heating current could be accurately found by measuring the d.c. heating 
current which gave the same saturation emission. (Switches S, and S; of. 
Fig. 3 are used in this connection.) The essential part of the experiment 
consisted in obtaining data giving the current 7 to the collecting cylinder 
as a function of the voltage between filament and grid cylinder at a series 
of different heating currents. The value of the heating current was 
determined at the beginning and at the end of each of these sets of 
measurements. 


Worthing and Forsythe, Phys. Rev. 18, 144 (1921) 
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The points given by one such set of measurements are plotted in Fig. 4. 
(The former convention regarding the sign of V is adhered to.) This is 
for a filament heating current of 0.493 ampere corresponding to a tem- 
perature of 1830°K. Before attempting to fit the observed points by 
the calculated values of Table 1 it is necessary to estimate the value of 
the contact difference of potential between the hot tungsten filament and 
the nickel grid-cylinder and also the value of 7p. It appears that the ob- 
served points give a curve breaking at about V=— 52 volt, log 1= 
7.8—15. Then taking this value as log ip and the contact potential of the 
filament relative to the cylinder as +.52 volt the theoretical curve as 
calculated from the figures of Table I is given by the solid line. 


8 


INCREASING © 
Srptnins v{ DECREASING @ 


V (VOLTS) 
*l2 +08 +04 0 “04 -08 -L2 
Fig. 4. Current-voltage data at 1830°K. 

In taking the points of Fig. 4 the curve was traced twice, once for 
increasing values of retarding potential and immediately afterwards 
for decreasing values of retarding potential, ending at —10 volts. The 
two sets of points do not coincide very well, and it seems that more 
reliance should be placed upon the latter. The behavior is as if the con- 
tact potential between filament and grid cylinder had been changed 
slightly by the initial flow of saturation emission from the filament, and 
that this change disappeared only slowly as retarding potential was 
applied. At each temperature data were taken in this way. The same 
discrepancy shown in Fig. 4 was generally found, and little reliance was 
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ever placed upon the points corresponding to increasing values of re- 
tarding voltage. 

At temperatures below 1830°K the curves of log i against V had quite 
sharp break points allowing the values of contact potential and log i» to 
be found and the data to be tested directly against the calculated values 
of Table I. As the temperature was raised above 1830°K the break 
point of the log i-V curve disappeared, because of the increased impor- 
tance of space charge. It then became impossible to locate the values 
of the contact potential and of log ip by direct observation. 

Vaars 


v2 
+ 
— 
g 
* 
8 
4 


yy «10° 
4 5 6 7 


Fig. 5. Emission-temperature data. (The arrows indicate points at which current- 
voltage data were taken.) 


The procedure in these cases consisted in calculating the values of 
log to from Richardson’s equation, 
logioio=C+4 logioT —(6/T) log oe : (2) 
and evaluating the theoretical curves therefrom. The curves thus cal- 
culated should have the same form as the experimentally determined 
curves but will be displaced from them by an amount corresponding to 
the contact difference of potential. The amount of this displacement can 
easily be determined by inspection. When this correction is made the 
theoretical curves coincide very accurately with the experimental points 
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(as shown in Fig. 6) except, of course, in the region where the space 
charge phenomena are predominant. 

The constant b of Eq. (2) was obtained in the ordinary way. The 
experimental filament was heated by a storage battery, Vs of Fig. 3, 
and saturation emission measured as a function of temperature. Fig. 5 
gives the resulting plot of log J—} log T and 1/7. In this plot J is the 
saturation current to the collecting cylinder, which is about one-tenth 
of the grid cylinder current. 

From Fig. 5 the constant 6 was found to be 56,800°K, corresponding 
to ¢=4.90 volts.* Although this value of 6 is slightly less than the value 
which corresponds to emission in zero field (i.e. 9), the difference is not 


2 


INCREASING * 
DECREASING ~ 


10 POINTS FOR V { 


V (VOLTS) 
+56 +48 +40 +32 +24 +16 +08 708 -LS -2A 
Filemest positive fe cylinder) “itearet megelive To cylinder) 


Fig. 6. Current-voltage data at different filament temperatures. 


important for the present purpose. The constant C of Eq. (2) was ob- 
tained by using this value of 6 together with the known value of log #» at 
1830°K. The constant C was thus found to be 4.65 and Eq. (2) becomes, 
logioio=4.65+4 logioT —24,670/T . (3) 

In Fig. 6 are shown the plots of log i against V for eight different 
temperatures. The solid curves in the figure are obtained from the 
calculated values of Table 1 and are fitted to the experimental points 
by the methods which have just been described. At the four lowest 
temperatures the experimental data agree entirely with the values cal- 


* This measurement was, of course, not designed as an accurate determination of 
the work function of the present filament. 
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culated from Eq. (1) within the limits of error of the measurements. At 
the higher temperatures the data deviate from the theoretical relation- 
ship only for values of V near zero and in the way to be anticipated as 
the effect of space charge. A consideration of the experimental points 
of Fig. 6 together with the theoretical values of Table I and the method 
by which the fit must be accomplished shows that no one of the eight sets 
of experimental data can be so satisfactorily represented by Eq. (1) if 
the value of the temperature T is taken 10 percent in error. Some of 
the sets of data cannot be so well represented by Eq. (1) even for a 
temperature only 5 percent in error. 

A summary of the data is given in Table II to show clearly the range 
of the measurements. The numerals in the first column indicate the order 
in which the sets of observations were made. 


TABLE II 
Summary of data 








Heating log to+15 Contact pot. diff. 
current (from Eq. 3) (from Fig. 6) 


.309 amp 
.330 
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5.50 
7.80 
9.28 
0.16 
1.06 
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CONCLUSION 


The foregoing experiment shows conclusively that the thermionic 
electrons emitted from tungsten into a high vacuum have velocity com- 
ponents distributed according to Maxwell’s law_for the distribution of 
velocities in an electron atmosphere in temperature equilibrium with 
the hot filament. 

The author is very glad to thank Dr. W. Wilson of this laboratory for 
his interest in this experiment, and especially Dr. C. Davisson for initiat- 
ing the work and for his constant interest and assistance. 


BELL TELEPHONE LABORATORIES, INCORPORATED 
February 25, 1925. 
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A NOTE ON SCHOTTKY’S METHOD OF DETERMINING 
THE DISTRIBUTION OF VELOCITIES AMONG 
THERMIONIC ELECTRONS 


By C. DAvisson 


ABSTRACT 


Limiting conditions for Schottky’s formula for the thermionic current 
from a filament to a coaxial cylinder.— The formula must fail when, due to space 
charge, the potential at any distance x (r<x<R) from the axis is less than 
Vr?(R? —x*) /x*(R?—1r*), V being the potential of the filament with respect to 
the cylinder, and r and R the radii of filament and cylinder respectively. This 
is more restrictive than the condition for failure which has been previously 
assumed. 


T IS proposed in this note to examine the conditions under which 

the formula developed by Schottky and employed by Germer in 
the preceding article may be expected to represent the results of experi- 
mental observations. This formula [Eq. (1) of the preceding article] 
is an expression for the thermionic current i flowing from a straight fila- 
ment to a coaxial cylinder against a retarding potential V, subject to 
specific assumptions regarding the distribution of velocities among the 
electrons as they leave the filament. For V=0 the formula gives 4=%p, 
where i is the total emission from the filament. If V is given this value, 
the observed current is ordinarily much less than ip. This is due, as is 
well known, to an effect of space charge. The presence’of negative charge 
between the filament and cylinder causes the potentials of all points in 
the interspace to be less than the common potential of the bounding 
surfaces. If the emission is uniform in density and character over the 
surface of the filament the equipotential surfaces are coaxial cylinders, 
and the distribution of potential along a radius is characterized by a single 
minimum. The current reaching the cylinder in this case is made up 
only of those electrons that manage to cross the surface of minimum 
potential. If the potential of the cylinder is fixed at zero and the potential 
of the filament is increased from zero the surface of minimum potential 
moves outward, and reaches the cylinder for some particular value of V, 
say V’. The potential gradient at the cylinder is then zero, and no 
minimum of potentia! occurs in the interspace. It is not unnatural per- 
haps to expect that Schottky’s formula will fail for all values of V less 
than V’, and be applicable to observations in the range above V’. This, 
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in fact, appears to have been Schottky’s own view of the matter.' It may 
be shown, however, that the formula must fail at V= V’, and also for a 
certain range of V greater than V’. 

Following Schottky we write u and v for the radial and tangential 
velocity components of an electron leaving the filament in a plane 
normal to the axis of the system, and u, and »v, for the corresponding 
components of the velocity with which the electron reaches the cylinder. 
If the filament potential is V, we have, from energy considerations 


4m[(u?— 1,2) + (v?—0,") ]=Ve 


and from the conservation of angular momentum in a radial field 
vr=0,R 
where r and R represent the radii of filament and cylinder respectively. 
From these 
uy? = u?+02(1—1r2/R*)—2Ve/m 
so that 
u*+p°(1—r?/R*) —2Ve/m 20 (1) 


is a condition that must be satisfied if the electron is to reach the cylinder. 

It is not, however, a sufficient condition, for to reach the cylinder the 
‘ Re : 

electron must cross all intermediate potential surfaces, and at each such 


surface a condition similar to (1) must be satisfied. If V, is the potential 
at a radial distance x, the electron can cross the cylinder of radius x only 
if 
u®+o*(1—r?/x*) — (2e/m) (V—V,)>0. (2) 
Or differently expressed 
V2>V—(m/2ce) [u®+02(1—r2/x?)] ; (3), 


that is, V, must be greater than the expression on the right if the electron 
is to cross the cylinder of radius x. 


Assuming that the necessary condition (1) is satisfied we obtain by 
combining (1) and (3) 


mu?) r?( R?— x*) 

V.>|V—- | ~ 

2e J x2(R?—r? 
as a condition that must be satisfied for all values of x between r and R if 

the electron is to reach the cylinder. 

For the electrons emitted from the filament the least value of u will 
be zero, which means that all electrons whose velocity components 
satisfy condition (1) will reach the cylinder if and only if the potential 


' Schottky, Ann. der Phys. 44, 1011 (1914); Verh. d. Deutsch. Phys. Ges. 16, 490 
(1914). 
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at a distance x from the axis is greater than Vr*(R?—x*)/x*(R?—r*). The 
equation 

r(R?— x?) 

x?(R?— r?) 


defines a distribution of critical potentials with the value zero at x=R 
and V atx=r. It thus coincides at these limits with any actual distribu- 
tion of potential. The condition that Schottky’s formula shall be applic- 
able is then that the curve of actual potentials shall lie above this curve of 
critical potentials except at the ends. 

It is important in the first place to find whether this condition is ever 
satisfied. If the distribution of actual potentials in the absence of space 
charge should fail to satisfy this condition, Schottky’s formula would fail 
in all circumstances. Without space charge the distribution of actual 
potentials is given by 

V.=V log (R/x)/log (R/r) 


and the ratio of actual potential to critical potential is 


V. - *(R?—r?) *) log (R/ x) 


Ve ri r?(R2* x2) log (R, iy)” 





It may be shown by means of the ees 


(n—1) n—1 n—1 
log n = 2 [1+— ihe | 

(n+1) 3 \n+1 n+1 
that this ratio is greater than unity for all values of x between r and R. 
The condition is therefore satisfied in this limiting case. It does not 
follow, however, that the condition can be satisfied with space current 
flowing, for unless in the absence of space charge 

dV ,/dx 


(i) ~-—— >] atx=R 
dV’ ,/dx 


dV’ ,/dx 
and (ii) —— > 1 at x=r 

dV ,/dx 
the presence of any space charge whatever will cause the curve of actual 
potentials to lie below the critical curve through a part of its range. 

For the logarithmic distribution dV,/dx = —(V/x)log(R/r), and for 
the critical distribution dV,'/dx = —2R*r?V/x*(R*—r*), these functions 
satisfy (i) and (ii) for all values of R/r greater than unity. It is therefore 
possible for the curve of actual potentials to lie above the critical curve 
with space current flowing, provided this current is not too great. 
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If V is fixed and i, increased from zero by raising the temperature of 
the filament, the curve of actual potentials moves downward except for 
its end points. At some critical value of i, the curve of actual potentials 
touches the critical curve and Schottky’s formula fails. Since the slope 
of the critical curve is negative for all values of x including x=R, it is 
clear that this occurs before a minimum has developed in the curve of 
actual potentials and before the gradient at the cylinder has become zero. 
The actual condition for failure is thus seen to be more restrictive than 
ordinarily assumed. 

If we compare the gradient of the logarithmic curve at the cylinder 
with that of the critical curve, we find that 


dV ,/dx R?—r? 
(Sa) e<r  2r* log (R/r) 

and that for R/r 2 30, which is a requirement if the approximate form 
of Schottky’s formula is to be used, this ratio is 135 or greater. The 
gradient of the critical curve is thus very small in this region compared 
to that of the logarithmic. This means that so far as a failure in this 
region is concerned the condition for failure is not very different from 
that which has usually been assumed. 

It is not certain, however, that the failure does occur in this region. 
At the filament the ratio of slopes of the critical and logarithmic curves is 


(7 +*) : 2R? R 
+ Alt Be nse log — 
dV ,/dx r 


= 
diet R?-—r? 


and for R/r 2 30, this has values 6.8 or greater. As these are much smaller 
than the corresponding ratios at the cylinder there is the definite pos- 
sibility that the failure may first occur at the filament or even some- 
where in the interspace. The question that is involved can be answered, 
it would seem, only by calculating the form of the potential curve in the 
general case with space current flowing. It is not proposed in this note 
to enter upon any such formidable calculations. 


BELL TELEPHONE LABORATORIES, INCORPORATED, 
New York City, 
February 25, 1925. 
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THE CONTACT ELECTROMOTIVE FORCE BETWEEN THE 
SOLID AND LIQUID PHASES OF THE SAME METAL 
AND BETWEEN THE OUTGASSED SURFACES 
OF TWO DISSIMILAR METALS 


By Puitie H. DoWLING 


ABSTRACT 


Change in contact e.m-f. at the melting point of three low melting point metals. 
—Measurements were made on tin, Wood's metal and a Sn-Pb alloy (1/4th 
Pb) in comparison with a nickel surface, using the standard Kelvin null 
method. The metal, previously purified electrolytically, was melted in vacuum 
and then run into a cup below the nickel surface. No evidence of a sudden 
change of contact potential at the melting point was observed. However even 
with vacua of the order of 5X 10~* to 10-* mm, a residual gas effect caused the 
contact potential on cooling to be less than on heating, in one case by .14 volt, 
and this may have masked a slight jump. It is probable, however, that with 
the metals studied the change cannot be more than .005 volt. 

Effect of heat treatment in high vacuo on the contact e.m.f. between Cu and 
Ni.—The Pyrex glass apparatus was put together without wax joints and ar- 
rangements were made for heating either plate separately by high frequency in- 
duction. A pressure of less than 10-* mm was maintained. As the outgassing 
of either metal progressed at a constant temperature, the potential passed 
through a pronounced minimum. After 80 hours continuous pumping including 
some 10 hours heating at about 1000°G, the contact potential approached 
.25 volt as a limiting value (Ni positive). (In air the usual value is .15 volt.) 
These results are compared with those of others on the effects of outgassing 
on the Volta effect and on photo-electric sensitivity. 

Tribo-electric effect when Sn is solidified in a glass vessel.— Distinct clicks 
were heard as the Sn cooled, accompanied by sudden violent deflections of 
the electrometer connected to the Sn. 


Part I. EFFECT OF FUSION ON CONTACT ELECTROMOTIVE FORCE 


“Tt problem undertaken in the first part of this research was the 

measurement in vacuum of the contact potential between two 
dissimilar metals one of which could be carried through the melting point, 
to determine whether or not a measurable jump in the contact potential 
occurred at this point. Richardson’s electron atmosphere theory of the 
Volta effect leads to the relation 


V =(¢:—¢2)/e+T7TdV/dT 


where V is the contact potential between two metals whose respective 
surface work functions are ¢; and ¢z, e is the electronic charge, and T 
the absolute temperature. One is interested, of course, in the change at 





CONTACT ELECTROMOTIVE FORCE 813 


the melting point in both terms on the right hand side of this equation. 
Regarding the first of these terms, one might expect, owing to the altered 
surface structure of the meited metal, a measurable change in the surface 
work function as the metal passes from the solid to the liquid state. 
The experimental evidence on this point is inconsistent. Goetz' has con- 
cluded, from calculations made from observations on the thermionic 
properties of metals in the region of the melting point, that a change of 
four or five fold does occur in the surface work functions of Cu, Fe, and 
Mn as the metals melt. On the other hand, similar observations made by 
Young® show no evidence of such a change in the work function of K. 
Whether or not this discrepancy arises simply from the difference in 
properties of the metals studied in the two sets of observations does not 
seem clear. As for the second term, Harrison and Foote,* working on the 
thermoelectric power of a Sn-PtRh couple in the region of the melting 
point of the tin, found a discontinuity in the thermo-electric power of the 
couple at the tin’s melting point amounting to 1.2 microvolts per degree. 
Since the Richardson theory makes dV /d7 =dE/dT, where dE/dT is the 
thermo-electric power, the expression JT dV/dT can change at the 
melting point of the tin by only .0006 volt, a change too small to be 
detected by the precision attained in the present experiment, part of 
which also dealt with tin. The detection, in the author’s work, of a change 
in V at the melting point depended, then, upon the existence of an 
appreciable change at that point in the surface work function of the 
low-melting point metals which could be studied with the apparatus.‘ 

The apparatus, Fig. 1, consisted of a straight Pyrex tube, some 8 cm 
in diameter and 45 cm long, sealed with red sealing wax into brass ends 
upon the lower of which the working parts were mounted. The metal to be 
melted was held in a small crucible within an earthed metal shield. 
A Ni-Fe thermocouple was placed in contact with the crucible within a 
small projection into its interior and gave consistent temperature readings, 
using galvanometer and scale. The calibration curve waslinear within the 
temperature range 0°-300° C. In order to render the surface of the metal 
to be melted free from contaminations, the melted metal was drained, in 


1 Goetz, Phys. Zeits. 24, 377 (1923) 

? Young, Proc. Roy. Soc. 104A, 611 (1923) . 

* Harrison and Foote, J. Opt. Soc. Amer. and Rev. Sci. Instr. 7, 389 (1923) 

* Bridgman (Phys. Rev. 14, 346 (1919)) has developed thermodynamically a formula 
for the change in the contact potential at the melting point, involving the change of 
volume on melting and the change in melting pressure when unit charge is added to the 
free surface at constant temperature, volume, and capacity. Although there are no 
definite data which would allow the application of this formula, it would seem to point 
to a very small change in the contact potential at melting. 
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high vacuum, into the observation crucible from an auxiliary crucible. 
This was accomplished by raising magnetically (control A) a glass stem 
which normally closed a small hole in the bottom of the auxiliary crucible. 
The temperature of the metal under observation was controlled by a split 
furnace, external to the tube. It was wound noninductively, as a furnace 
wound in the ordinary way was found to interfere with the observations. 
The standard Kelvin null method of measuring the contact potential 
was used with a dependable accuracy of .005 volt, using an electrometer 
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Fig. 1. Apparatus for studying effect of change of phase. 


sensitivity of about 2000 mm te the volt. The movable plate in this 
case was a nickel plate some 3 cm in diameter. Its motion was controlled 
by the armature A; and its initial separation from the other metal by 
A,. No particular care was taken in the preparation of the nickel surface 
beyond cleaning it thoroughly with fine emery cloth, and during the ex- 
periment no particular outgassing was accorded it. Applied voltages 
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were read from a voltmeter on whose scale .005 volt could easily be 
estimated. The pumps consisted of the usual oil fore-pump and an air 
cooled mercury diffusion pump, the tube being protected by liquid air. 
Pressures were read by means of a McCleod gauge on whose scale 2 mm 
represented a pressure of .00001 mm of mercury. The gauge was con- 
nected between the liquid air trap and the diffusion pump. 

The procedure was as follows. After the parts had been lined up and 
the auxiliary crucible filled by pouring the melted metal, the Pyrex tube 
was slipped over them and sealed into the lower brass end, with no danger 
of breakage, by running hot steam through the water jacket coils. The 
tube was then evacuated and pumped for a period of twenty hours or 
more at a temperature about 30°C above the melting point of the metal 
under observation.’ The construction of the tube obviously prevented 
thorough outgassing of the entire tube, although there was no difficulty 
in obtaining a vacuum of a few millionths of a millimeter of mercury. The 
pumps were run continuously throughout observations. After evacua- 
tion, enough of the metal to fill it was allowed to run down into the 
crucible in the measuring chamber. The Ni plate, which had been raised 
during this process, was then lowered by the control A, to within .5 mm 
or so of the metal surface. Readings on the contact e.m.f. were taken at 
regular intervals as the temperature was varied continuously from room 
temperature to above the melting point of the metal under observation 
and back to room temperature. Observations were made on three metals 
—tin, Wood’s metal, and a lead-tin alloy (3 parts Sn to 1 part Pb by 
weight)—and with the exception of the Wood’s metal, the metals used 
were electrolytically purified—the tin from a stannic chloride and the 
lead from a lead acetate solution. The crystals obtained from the 
electrolytic deposition were melted under hydrogen. 

Wood’s metal was the first to be studied. The measurements show no 
definite change in the contact e.m.f. at the melting point, 84°C (Fig. 2). 
There is, however, a very marked and quite regular variation in the 
contact e.m.f. as the metal is heated to above its melting point and cooled 
again. Although their form is always the same, these curves are not 
exactly reproducible in successive heating-cooling cycles. The magnitude 
of the variations and the absolute values of the contact e.m.f. seem to 
depend on the rapidity of heating and the previous history of the metals. 
Further, the curves exhibit a marked hysteresis-effect; i.e., the cooling 
do not coincide with the heating curves. At the melting point, for 

* No detectable evaporation of the metals studied was encountered at these tem- 


peratures, nor did the contact e.m.f. in subsequent readings give any indication of con- 
tamination of the Ni plate from that source. 
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example, (Fig. 2A) we have on the heating side a contact potential of .12 
volt and on the cooling side of —.02 volt. During the evolution or 
absorption of heat at the melting point, the contact e.m.f. becomes sensibly 
constant. Fig. 2B shows a run where the temperature was maintained 
constant at points just above and below the melting point. Here too, 
the contact potential becomes constant during the period of constant 
temperature, showing that the effect at the melting point is not due to 
any structural change in the metal. 
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Fig. 2. Equilibrium contact e.m.f. of Wood's metal-Ni. 








x 
¥ 
N 
; 
x 
4 
4 
. 
io) 
$ 
> 
x 
& 
g 








Similar effects were noted in the observations made on tin and on the 
lead-tin alloy (Fig. 3). In neither case was any change in the contact 
potential found which could definitely be ascribed to the change in phase 
of the metal. In all cases, the contact potential becomes sensibly constant 
during the period of constant temperature at the melting point. 

The regular variation in contact e.m.f. as exhibited by the curves in 
Figs. 2 and 3 is undoubtedly a gas effect, since the variations diminished 
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in magnitude in succeeding runs (between which a good vacuum was 
maintained) and increased again in runs taken after the metals had been 
exposed to gas. The magnitude of the variations is so large as to preclude 
their being due to any thermal e.m.fs. which might have been produced 
in the circuit. The particular forms of the curves obtained in these 
experiments may be regarded, of course, as resulting from the super- 
position of the effects of changing gas conditions on the absolute potential 
of the two dissimilar metals. 
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Fig. 3. Contact e.m.f. as a function of time for (A) tin-nickel; (B) tin lead alloy-nickel. 






































Although the curves in Figs. 2 and 3, as pointed out, do not seem 
to indicate a unique variation of the contact potential with temperature, 
it is hard to conceive that with constant vacuum conditions the gas 
conditions of a metal surface should not reach a constant state, character- 
istic of the metal’s temperature. In fact, experiments to be described later 
indicate that such equilibrium can be reached although, even at much 
higher temperatures than those reached here, it is a relatively slow 
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process. Evidently the heating and cooling in the present experiments 


were too fast for the curves of Figs. 2 and 3 to represent a series of 
equilibrium contact e.m.f. values. The slow rate of reaching equilibrium 


at a given temperature is also undoubtedly responsible for the apparent 
constancy of the contact e.m.f. at the melting and other points of constant 
temperature. The cooling side of Fig. 3A, where the temperature was 
held constant at one point for a comparatively long time, shows, in fact, 
a small shift in the contact potential even though the temperature was 
constant. The hysteresis-effect noted previously may result from a 
difference between the particular way in which gas equilibrium is reached 
as the temperature rises and as it falls, coupled with a possible tem- 
perature lag between the movable Ni plate and the metal in the crucible. 

There seems to be no satisfactory reason why a definite jump in the 
contact potential at the melting point was not found except that such 
a jump, if it exists in the three metais studied, is quite small and was 
masked in these experiments by the rather large gas effect. Arguing, 
however, from the fact that at points where the temperature was pur- 
posely held constant, the influence of the latter was almost negligible, 
one would not expect it to interfere at the melting point. On the whole, 
the results indicate that if the contact e.m.f. does suffer a change at the 
melting point, that change in Wood’s metal, tin, and a lead-tin alloy 
is at the most of the order of .005 volt. 

An interesting difficulty was encountered in the use of glass crucibles 
to hold the metal to be melted during observations. Although its exact 
nature is unknown, it is apparently to be classed with such tribo-electric 
phenomena as were discussed by H. F. Richards.* While heating the 
metals, no startling changes were observed; as the metals cooled, however, 
audible clicks were given out within a certain rather wide temperature 
range, which were also accompanied by rather large electrical effects. The 
electrometer, unearthed and connected to the Ni plate, was caused to 
deflect violently and usually to return almost immediately to zero. 
It was finally found, in air, that the clean bright metal stuck tenaciously 
to the glass as it was cooled under the melting point, although after it had 
cooled sufficiently, it was quite easily removed from the glass. The 
inference is that as the metal cooled, it pulled away from the glass at one 
or more points, producing the click and an evolution of charge. This 
was borne out by the fact that as the metal became oxidized, it failed 
at any time to stick to the glass and gave out no clicks. The substitution 
of a graphite crucible eliminated the effect entirely and gave much more 


® Richards, Phys. Rev. 22, 122 (1923) 
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consistent results in general. (Figs. 2 and 3 all represent data taken with 
the graphite crucible.) Mechanical stretching of a thin sheet of tin in air 
and suddenly releasing it gave no indication of an evolution of charge 
as would be expected were the sudden contraction of the metal itself, 
rather than a tribo-electric effect of the glass-metal combination, re- 
sponsible for the effect. As it was a side issue of the main problem, the 
effect was not investigated with care. 


Part II. Errect or HEAT TREATMENT 


The problem of the effect of gas on the contact difference of potential 
between two different metal surfaces is, of course, an old one. Yet it 
seemed to be worth while to attack it again, utilizing modern high 
vacuum technique. Further interest is added by the recent work which 
has been done by various investigators on the effect of heat treatment in 
high vacuum on the photo-electric sensitivity of a metal surface. Three 
methods have been used to obtain a “gas-free’’ surface; evaporation, 
used by Hughes’ and Perucca*; mechanical scraping, used by Hennings?; 
and heat treatment, used by some photo-electric investigators and in 
the author’s work. Although the relative merits of evaporation and heat 
treatment are by no means certain, it does seem fairly eviderit that 
mechanical scraping is of avail only in removing surface contaminations. 
Scraping in vacuum can at most disturb the surface gas conditions and 
expose gas-filled body-metal layers. The original surface conditions may 
then be slowly re-established and such measurements as that of the 
contact e.m.f. may be only temporarily displaced. Evaporation leaves 
us uncertain as to whether gas cannot actually be carried to the 
new surface from the parent metal by the escaping molecules, and as to 
how rapidly the thin, newly-formed surface can pick up gas from the 
receiving surface. These effects could at least be minimized by careful 
heat outgassing of the parent metal and of the receiving surface before 
distillation and also by plotting the contact e.m.f., for instance, against 
time immediately after the evaporated ‘surface was formed, and ex- 
trapolating to zero time. The latter has been done by Perucca and, 
virtually, by Hughes, both of whom found contact e.m.fs. of the order of 
a few tenths of a volt between the newly evaporated surfaces of dissimilar 
metals. Heat treatment seems also to be uncertain, for, in the author’s 
experience, if the metal be heated to a given temperature for a long time, 
a point will be reached where apparently no further gas, as indicated by 
? Hughes, Phil. Mag. 28, 337 (1914) 


§ Perucca, Comptes Rendus 173, 551 (1921) 
* Hennings, Phys. Rev. 4, 228 (1914) 
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a McCleod gauge, is given off and the contact e.m.f. to any other surface 
will remain constant with continued heating at that temperature. Yet 
on raising the temperature, more gas is given off and the contact e.m.f. 
comes to a new equilibrium value. Similar equilibrium values are found 
in the photo-electric sensitivity.'° The aim of the heat treatment method 
seems to be to find a point at which increasing the temperature of heating 
has no effect on the phenomenon under observation. With the heat 
treatment method, there is, however, the uncertainty as to whether the 
changes in the observed phenomenon are due to the outgassing of the 
metal surface or to an actual structural change. 
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Fig. 4. Apparatus for studying effect of heat treatment. 












































The apparatus (Fig. 4) was enclosed in a T-shaped Pyrex tube sealed 
to the soft glass pump system with a small ground glass joint, itself 
sealed with Wood’s metal. Special care was taken to have no wax joints 
in the vacuum system, which comprised the same pumping apparatus as 


10 Sende and Simon, Ann. der Phys. 65, 697 (1921) 
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that used in the first part of this research. The Cu and Ni plates upon 
which observations were taken were about 22 mm in diameter and .5 mm 
thick. Undoubtedly it would have given better outgassing to have used 
thinner plates, but even as it was, difficulty was experienced owing to 
the warping of the plates at high temperatures. The two plates were 
carried on two small carriages so that they could be slid in and out of 
the earthed measuring chamber (controls A,and A,) and a small shield was 
mounted on tracks in the arm of the tube so that it could be slid between 
the two plates (control A;) to protect one plate from the vapors of the 
other as it was being heated. The Kelvin method was used to measure 
the contact e.m.f., the carriage carrying the movable and grounded plate 
being provided with a screw adjustment so that the initial separation 
between the two plates could be accurately set (control A,). This same 
control provided for the motion required by the Kelvin method. About 
the same sensitivity was attained here as in the previous work. There 
were no sliding electrical contacts.. The plates were heated by high 
frequency induction, the current being furnished by two 1 kw step-up 
transformers giving 25,000 volts at their secondary terminals. 

The procedure was to bake out, while pumping, the entire tube until 
the pressure was reduced at most to a few millionths of a millimeter while 
the tube was hot. Then the plates were heated, one at a time, during 
which process the cold plate remained within the measuring chamber 
protected by the shield and the hot plate was, of course, out in the open 
tube. The earthed tinfoil electrostatic shield around the end of the tube 
enclosing the plate connected to the electrometer had to be removed for 
each heating of that plate. The observations were conducted with two 
objects in view. First, to determine the contact potential between the 
two gas-free surfaces of two dissimilar metals. This involved heating 
the plates alternately at a constant temperature until the contact poten- 
tial between them reached an equilibrium value, the attempt being made 
to reach such a value that a subsequent increase in the outgassing 
temperature would not affect it. Readings on the contact potential were 
taken on the cool metal after each period of heating. These periods 
ranged from a few seconds to 15 minutes in length. Secondly, to determine 
how the intrinsic potential of one of the surfaces is affected by outgassing 
at a constant temperature. For this it was necessary to heat one plate 
continuously and to measure at intervals its contact potential against 
the other which was kept cool and assumed to remain at constant 
potential. 

After 80 hours of continuous pumping while the Cu plate was heated 
10 hours and the Ni plate 7 hours at an estimated temperature of 1000°C, 
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the contact potential between the two came to an equilibrium value of 
approximately .25 volt, the Ni being positive to the Cu." As this was 
the highest temperature which could be reached with the apparatus and 
the last hour’s heating at this temperature produced some change in the 
contact potential, it is somewhat doubtful what would have happened 
could the heating have been carried on at still higher temperatures. 
The usual value for the contact potential between Cu and Ni in air is in 
the neighborhood of .15 volt, the Ni being positive; some recent work 
puts it at .21 volt."* The Ni surface remained unchanged in appearance 
throughout the heating; the Cu, however, developed a_ beautifully 
crystalline surface. 
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Due to an unfortunate, though interesting, occurrence, the final 
contact e.m.f. could not be determined as exactly as had been wished. 
The skin effect of high frequency currents coupled to the loss of heat by 
conduction along the plate-supporting rods, led to the centers of the 
plates being somewhat cooler during outgassing than the peripheries. 
The centers were consequently not as well outgassed. The warping of the 
Ni plate, owing to its heat treatment, brought the centers of the two 
plates closer together than the outside portions. Hence, in taking a 
reading, if the plates were pulled apart from a very small initial separa- 
tion, the change in capacity was largely between these central parts and 
the contact potential reading obtained was characteristic of them, while 


1! Since outgassing by heat treatment is, in a measure, cumulative and these were 
the same plates which had been used in four or five previous runs, the total periods of 
heating were effectively longer than as though this had been their first outgassing. 

12 Vieweg, Ann. der Phys. 74, 146 (1924) 











CONTACT ELECTROMOTIVE FORCE 823 





increasing the initial separation tended to give an average reading for 
the whole surface. These latter readings (Fig. 5) are those to be taken 
as characteristic of the most thoroughly outgassed conditions obtainable 
in the apparatus. This explanation of the curve in Fig. 5 was borne out 
by the fact that after the apparatus had stood at atmospheric pressure for 
some time after these readings had been taken, there was no variation 
of the contact potential! with initial separations. We thus have two parts 
of the same plate differing in potential by a matter of tenths of a volt, 
the more thoroughly outgassed portions being negative with respect to 
the remainder of the plate. 
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Fig. 6 shows how, at a given temperature, the intrinsic potential of 
the metal surfaces reached equilibrium. Both the Ni and Cu acted 
similarly and the results from all of the several runs made substantiated 


these curves. The first few seconds of heating rendered the plate being ~ 


outgassed much more electronegative, at one time as much as 1.5 volts. 
Further heating of the plate at the same température made it slightly 
more electropositive until equilibrium at that temperature was reached. 
An increase in the temperature of outgassing would now cause the 
intrinsic potential to pass through similar though smaller variations and 
come to a new, more electronegative equilibrium value. Fig. 6 shows 
these variations in such a way that the difference at any time between 
the two curves there drawn gives the contact e.m.f. between the Cu and 
Ni. 

The question as to how much of the variation noted in this experiment 
is due to structural changes and how much to a real outgassing effect is, 
of course, of interest. The fact that one of the curves of Fig. 6 taken on 
Cu which was not heated hot enough to cause crystallization of the 
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surface is consistent with the curve obtained for the same plate after it 
had been heated hot enough to cause the surface to become crystalline, 
indicates that the outgassing is largely responsible. The variations were, 
furthermore, reproducible; that is, after the metals had once been heat 
treated until their contact difference of potential had been brought to an 
equilibrium value at some temperature, if they were then exposed for 
some time to air and again heated in vacuum, the contact e.m.f.passed 
again through variations similar to those shown in Fig. 6. 

The recent work of Vieweg™ is quite at variance with these results. 
He also studied the variations of the contact e.m.f. between Ni and Cu 
with heat treatment of both metals. He finds that the metal becomes 
more electropositive with the progress of outgassing; his data do not, as 
published, indicate a minimum or maximum corresponding to those of 
Fig. 6. The discrepancy may arise from several factors which were 
different in the two experiments. In the first place, his vacua were of 
the order of 10-* mm whereas those of the present experiment were at 
the worst of the order of 10-* mm of mercury. Further his apparatus 
involved the use of sealing wax joints, against which, on account of the 
apparently large effects of wax vapors on measurements of this sort in 
high vacuum, a considerable prejudice has arisen. On the other hand, he 
does not mention baking out his apparatus previous to taking his ob- 
servations and it may be that that process in the author’s work is respon- 
sible for the accumulation on the Ni and Cu surfaces of vapors released 
from the hotter glass walls, the subsequent removal of which by heat 
treatment is responsible for the observed large decrease in potential of 
the surfaces. Further experimental work is required to settle the point. 
Vieweg reports a limiting contact potential between Cu and Ni of .06 
volt, the Ni being positive. He apparently reached a point where in- 
crease of outgassing temperature did not affect the contact potential. 
The discrepancy in final values is perhaps not surprising, due to the 
difference in vacuum conditions in the two experiments. 

It is of interest to compare the curves of Fig. 6 with work which has 
been done under comparable experimental conditions on the effect upon 
the photo-electric properties of metals of outgassing by heat treatment. 
F. G. Tucker™ has found that as the outgassing by heat treatment of a 
platinum foil proceeded, the long wave limit shifted from long wave- 


lengths into the violet, indicating an increase in the work function. 
Although Tucker’s results are not of a nature to indicate the minimum 
of the curves of Fig. 6, they are consistent with the author’s work which 


" Tucker, Phys. Rev. 22, 574 (1923) 
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shows a metal to become more electronegative as a result of outgassing” 
Comparison with such data as that obtained by Hallwachs and Sende 
and Simon,!* showing the variation in photo-electric sensitivity of meta! 
foils as outgassing at constant temperature proceeds, is not certain. 
Although the curves in Fig. 6 are of the same general form as those of 
Hallwachs, if we confine our attention to the effect of outgassing on the 
work function alone, his curves indicate an initial decrease in that 
function rather than the initial increase indicated in Fig. 6. The dis- 
crepancy may lie in the possibility that in the case of photo-electric 
sensitivity, outgassing affects not only the work function but also the 
number of electrons excited by the incident light and reaching the surface 
with sufficient energy to escape. Comparison with the work of Hughes’ 
and Hennings® is also difficult as the experimental procedures are so 
different as to require speculation on the detailed mechanism of the 
outgassing effects, for which it is perhaps too early. 

The author wishes to express his sincere thanks to Professor C. E. 
Mendenhall under whose sympathetic supervision the work has been 
done. 


UNIVERSITY OF WISCONSIN, 
June, 1924.* 


* Received January 14, 1925—Ed. 
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THE EFFECT OF LIGHT ON THE THERMO-ELECTRIC 
POWER OF SELENIUM 


By R. M. HoL_meEs 


ABSTRACT 


Thermo-electric power of pure selenium.—(1) Effect of light. Pure selenium 
was melted on ground glass slides provided with nickel electrodes 6 cm long and 
2 mm apart, The amorphous material was converted into the grey crystalline 
form. A temperature gradient was established in the selenium by means of 
two copper blocks clamped to the nickel electrodes and kept at different 
constant temperatures. The thermal e.m.f. and resistance were measured 
for various illuminations with white light, the former by a compensation 
method using an electrometer as a null instrument. Light caused a decrease of 
about 5 percent in thermo-electric power, corresponding to an increase of 
about 500 percent in conductivity. These effects of light may be explained 
according to the electron theory by assuming an increase in the mean free 
path of conducting electrons caused by a decrease in the potential energies 
of electrons in interatomic space. It is pointed out that in a circuit entirely of 
Se, homogeneous in every respect except that two sections have temperature 
gradients of opposite sign, if one section is illuminated a large thermal e.m.f. 
will be developed in the circuit. (2) The dark values for different samples were 
between 0.99 and 1.14 millivolts per degree against copper. 


INTRODUCTION 


LECTRON theory furnishes the following equation for the electrical 
conductivity of a substance! 


C= ke*nlu/aé (1) 


where & and a are constants, e is the electronic charge, n the number of 
free electrons per unit volume, / the mean free path, u the mean velocity 
of thermal agitation and @ the absolute temperature. The theory also 
furnishes an equation for the thermo-electric power of a couple consisting 


of two substances as follows? 
dE/dé=(R/e) log(na/n») (2) 


where R and e are the gas constant and charge per electron respectively 
and n, and n,» are the densities of free electrons in the interatomic spaces 
of the two conductors forming the thermocouple. 
There are a number of reasons why these two equations are unsatis- 
factory. Richardson* has given an alternative expression for thermo- 
1H. A. Lorentz, The Theory of Electrons, p. 67 


20. W. Richardson, Phil. Mag. 23, 277 (1912) 
+O. W. Richardson, The Electron Theory of Matter, p. 429 
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electric power in which the potential energies of the electrons are taken 
into account. However, Eq. (2) is the only expression which has been 
applied to the interpretation of experimental results. Apparently, the 
only attempt to test the consistency of these equations by experiment 
has been made by Baedeker* in the study of the thermo-electric power 
and conductivity of films of Cul. He increased the conductivity of a 
film by allowing it to absorb iodine. The thermo-electric power of the 
film increased. with the conductivity. The electron density m, in Eq. (2) 
was assumed proportional to the conductivity and the following equation 
obtained for the thermo-electric power of the film against a standard 
reference metal (, constant): 


dE/d@=d+(R/e) log C (3) 


in which d is a new constant. The experimental results were in excellent 
agreement with the theory in this simple form. 

The purpose of the present investigation was to determine the effect 
of illumination on the thermo-electric power of pure selenium. It is well 
known that light increases the conductivity of this element. An ex- 
planation frequently given for this effect is that the increase in con- 
ductivity is caused by an increase in the number of conducting electrons 
as Baedeker assumed to be the case with the Cul films. This view of the 
effect in selenium is strengthened by the fact that the decay of con- 
ductivity after removal of the illumination follows the same law which 
holds for the recombination of gas ions. Recent work by Kronig® on the 
effect of electronic bombardment on the conductivity of selenium shows 
that in this case the increase in conductivity is the result of an ionization 
of the atoms. On the basis of the results obtained with the Cul films 
and on the basis of the ionization view of the effect in selenium one might 
expect that the increase in conductivity of illuminated selenium would be 
accompanied by an increase in thermo-electric power. 

Early work by Weidert’ indicated that the effect of light was to decrease 
the thermo-electric power of selenium at the same time increasing its 
conductivity. This result is opposite to that obtained with the Cul 
films. The selenium used was not claimed to be chemically pure and of the 
ten determinations reported there was an initial decrease of thermo- 
electric power in six, an increase in three, and no change in one case. 
There were some disturbing sources of error. For instance, temperature 


*K. Baedeker, Nernst Festschrift, p. 62, and Phys. Zeits. 13, 1080 (1912) 
* R. DeL. Kronig, Phys. Rev. 24, 377 (1924) 
* Franz Weidert, Ann. der Phys. 18, 811 (1905) 
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changes during a determination of thermo-electric power affected this 
quantity more than did illumination. No other work on this light effect 
has been done. 


APPARATUS 


The selenium was furnished by the Baltimore Copper Smelting and 
Rolling Company upon the recommendation of Professor Victor Lenher. 
It was then carefully purified at 
the Cornell chemical laboratory 
under the direction of Dr.G. B. L. 
Smith. The author wishes to 
acknowledge indebtedness to the 
above mentioned company, to 
Professor Lenher and to Dr. 
Smith. The method of purifica- 
tion was that described by Len- 
her.’ The resulting product was 
a chemically pure powder which 
was then cast into short rods in 
vacuum. Glass slides (1 <6 cm) 
were finely ground on one side 
and nickel strips (0.46 cm) 
were cemented to the ground 
surface, leaving a space (0.2X 

Se 6 cm) in the middle. The seleni- 
Fig. 1. (a) Glass strip with Ni electrodes um was spread on this space 


for supporting thin layer of selenium. LA: ‘ . 
(b) Cu blocks for maintaining constant while the glass wes kept just 


temperatures, and arrangement for meas- above the melting point of 
uring thermal e.m.f. selenium. So far as is known 
nickel is as suitable for this pur- 
pose as any other metal. It has been widely and successfully used in 
the construction of light sensitive selenium cells or bridges. The need 
of several fairly heavy strips of metal for this use made it advisable to 
select nickel rather than platinum. This method of supporting the thin 
layer of selenium and of establishing good electrical connections to it is 
shown in Fig. 1. 
When cooled to room temperature the selenium was in the amorphous 
state and was a non-conductor. The layer was sufficiently thin (about 
0.05 mm) to be translucent to red light. To,make it conducting and 
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7 Victor Lenher, J. Amer. Chem. Soc. 20, 555 (1898) 
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light sensitive, i.e. as regards electrical conductivity, it was necessary 
to anneal it until it had been converted into the grey crystalline form. 
This was tried in a variety of ways but the method finally adopted was 
to heat the material gradually from room temperature to, say, 150°C, 
to keep it at this constant temperature in an automatically controlled 
bath for one hour and then to allow it to cool slowly to room temperature. 
This method of gradual heating made the material less liable to develop 
fissures caused by the contraction when passing from the amorphous to 
the crystalline form. In general, the higher the annealing temperature 
and the longer the duration of the process the lower would be the specific 
resistance and the light sensitivity of the crystalline selenium. As this 
element is hygroscopic the samples were kept in a P,O; dessicator until 
they were needed for use. 

Fig. 1 (a) shows the method of mounting the selenium on the glass 
strips wiih nickel electrodes while (b) shows the apparatus constructed 
for maintaining a temperature gradient. Copper blocks (2X28 cm) 
were bolted to a bakelite base. The nickel electrodes were clamped to 
these blocks in such a manner that the edges of the electrodes came just 
even with the boundaries of the copper blocks. Holes had been drilled 
lengthwise through each block and tap water was circulated through one 
while steam passed through the other. This arrangement kept the 
selenium-nickel junctiofis at constant temperatures. The e.m.f. measured 
by connections to the copper blocks was that of a selenium-copper 
thermocouple. Since the thermo-electric power of such a couple is more 
than two hundred times that of a copper-lead couple, it made no practical 
difference so far as this work was concerned whether the values for 
selenium were referred to copper or to lead, as is the usual practice. 

The apparatus just described was placed in a light proof box provided ~ 
with a slit which allowed the selenium to be illuminated but which 
screened the copper blocks. A water cell 10 cm thick was interposed 
between the apparatus and the source of illumination. By trial with an 
auxiliary thermocouple it was found that the temperatures of the copper 
blocks remained constant. Gas filled lamps maintained at their rated 
voltages were used for sources of illumination and the intensity was 
varied by changing the distance. Since the purpose was to compare 
the effect of light on conductivity with a possible effect on thermo- 
electric power it did not appear necessary to use monochromatic light. 

The resistances of the selenium samples were measured with a galva- 
nometer by the method of direct deflection. The potential drop between 
the nickel electrodes was never greater than 2 volts. The use of these 
electrodes was of great advantage in keeping the resistances of the 
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samples as low as possible. When layers of selenium without electrodes 
were clamped to the copper blocks the contact resistances were of the 
same order of magnitude as the resistance of the selenium itself; in this 
case light produced a relatively small percent change in the total 
resistance measured because it did not affect the contacts. To avoid this 
difficulty contacts with the nickel electrodes were formed while the 
selenium was molten. These contacts remained good after the selenium 
had been converted into the crystalline form. No departure from Ohm’s 
law was observed although such has been reported for selenium, with 
potential gradients somewhat greater, however, than those used in the 
present work. 

The current path in the selenium was 0.2 cm long and 6 cm wide, but 
because of the thinness of the layer and of the high specific resistance of 
this element the resistances of the samples were as high as 200 megohms. 
This circumstance made it impossible to measure the thermal e.m.f. by 
any of the usual gaivanometric methods. A compensation method was 
therefore used involving a Compton electrometer with a sensitivity of 
10000 mm per volt as a detecting instrument. Fig. 1 (b) shows the 
connections. The whole apparatus including the steam generating and 
condensing system was screened from electrostatic influences. It was 


also essential to insulate the steam system from its surroundings by at 


least 10° megohms because a condition necessary for the correctness of 
the compensation method here used was that the potential of the hot 
block differ from that of the cold block by the amount of the thermal 
e.m.f. to be measured. Since the source of this e.m.f. had an internal 
resistance of the order of 100 megohms the potential difference between 
the hot block and the cold block would not have been equal to the e.m.f. 
of the selenium-copper couple unless the hot block had been separated 
from bodies of unknown potentials by a resistance much larger than the 
internal resistance of the selenium-copper couple. The only difficulty 
was in connection with the heating arrangement for the steam boiler. 
Finally, a Pyrex flask was used for a boiler and it was heated by an 
earthed electric hot plate from which it was separated by quartz rods. 


MEASUREMENTS 


The selenium was left in the dark for several hours before a series of 
measurements was taken. This was done to eliminate inertia effects 
which have often been observed in the conductivity change. .The tap 
water and steam were circulated long enough for the copper blocks to 
reach constant temperatures and the thermal e.m.f. measured first in 
the dark and then with increasing illuminations. Resistance measure- 
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ments were made in the same manner. The inertia effect just referred 
to was found to be present in the thermo-electric power change. 

Figs. 2-4 show the effect of illumination on both the resistance and 
the thermo-electric power of three samples selected from several on which 
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Fig. 2. Effect of illumination (lumens per cm*) on thermo-electric power and on 
resistance of selenium annealed at 125°C. (Sample No. 1). 


measurements were made. The important point to note is that thermo- 
electric power always decreases as resistance decreases, a result opposite 
to that obtained by Baedeker with the Cul films. The present results 
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Fig. 3. Effect of illumination (lumens per cm*) on thermo-electric power and on 
resistance of selenium annealed at 125°C. (Sample No. 2). 


also differ from those obtained by Weidert in that the effect is now found 
to be a more consistent decrease. Figs. 2 and 3 show the variation in 
the dark values of thermo-electric power found in two samples of selenium 
which have had identical heat treatments and Fig. 2 also shows the effect 
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of somewhat weaker illumination. This variation in dark thermo-electric 
power is quite in accord with the well known fact that selenium cells vary 
greatly in specific resistance and in light sensitivity although constructed 
as nearly alike as possible. Both thermo-electric power and resistance 
decrease rapidly even for the weaker illuminations. Fig. 4 is selected to 
show how a different heat treatment effects the resistance and light 
sensitivity. The selenium for these measurements was slowly brought 
from room temperature to 175°C and annealed at that temperature for 
one hour. The resistance is much lower than for the material annealed 
at 150°C and the effect of light on resistance is less. These curves are 
reproducible so long as the selenium is kept dry. 
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Fig. 4. Effect of illumination (lumens per cm?) on thermo-electric power and on 

resistance of selenium annealed at 150°C. 

The following special precautions need to be mentioned. It was 
necessary to make sure that the copper blocks did not undergo a tem- 
perature change when the selenium was illuminated. Any alteration in 
the distribution of the temperature gradient in the selenium is without 
effect on the thermal e.m.f. if the junctions to the metal are not altered, 
except in case there are inhomogeneities. Trouble from this source was 
avoided by using the thick water cell and it was proven to be absent by 
the fact that there was no thermal e.m.f. when both copper blocks were 
at the same temperature either in the dark or when illuminated. Also, 
an auxiliary thermocouple embedded in either block showed that the 
temperatures did not change under illumination. 

Another source of error to be guarded against is the possible existence 
of an e.m.f. in the selenium caused simply by illumination. Such an 
e.m.f. has been reported by Merritt* and by others. [It was necessary 


* Ernest Merrit, Phys. Rev. 23, 555 (1924) 
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to make sure that the decrease in thermal e.m.f. observed in the present 
work was actually caused by an effect of illumination on the thermo- 
electric properties of the material and was not the result of an e.m_f. 
developed in the selenium and by accident opposing the thermal e.m.f. 
It was found by many tests with the copper blocks at the same tem- 
perature that in no case was there an e.m.f. caused by illumination alone. 
Such an e.m.f. would hardly be expected when the two contacts of 
selenium to metal are identical and equally illuminated. 


CONCLUSION 


Reference to Eqs. (1) and (2) shows that the effect of light in increasing 
the conductivity of selenium and in decreasing the thermo-electric power 
may be explained on the basis of electron theory if absorption of light 
causes an increase in the mean free path of conducting electrons and a 
decrease in the electronic density. The nearness of approach of a free 
electron to an atom depends upon the potential energy of the electron in 
close proximity to the atom. If the effect of light is to decrease this 
potential energy then the electrons will approach more closely before 
“collision.”’ This will in effect increase the mean free path, thus account- 
ing for the increase in conductivity. Also, if the change in the actual 
number of conducting electrons is small there will be a decrease in their 
effective density, thus accounting for the observed decrease in thermo- 
electric power. 

The work of Kennard and Dieterich® on the contact potential of 
selenium proved that electrons flow from the unilluminated to the 
illuminated material. This should happen if light diminishes the potential 
energies of electrons in intermolecular space. Therefore it is believed 
that the hypothesis offered to explain the results of the present in- 
vestigation is in agreement with the observations on contact potential. 

The magnitude of the decrease in thermo-electric power must depend 
upon the depth of penetration of the light effect. At present, nothing is 
known with certainty regarding the depth of penetration in poly- 
crystalline selenium. Brown" has given 0.014 mm as a probable value for 
the penetration of the effect although the light is no doubt absorbed in 
a much less distance. The thickness of the layers used in the present 
work was greater than this value. For this reason no theoretical ex- 
pression derived on the basis of the hypothesis above proposed for explain- 
ing the effect of light on conductivity and on thermo-electric power can 


* E. H. Kennard and E. O. Dieterich, Phys. Rev. 9, 58 (1917) 
” F, C. Brown, Phys. Rev. 34, 201 (1912) 
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be expected to be in quantitative agreement with the observed values. 
An equation of the form 

dE/d0@=a+b log C (4) 
will fit the results obtained to within the limits of error of the measure- 
ments and is the type of equation which may be deduced from the 
hypothesis proposed. But dE/d @ varies over rather narrow limits (about 
5 percent) and for this reason it is not certain that the above equation 
actually represents the facts of the phenomena. 

As a by-product of the present work values have been obtained for the 
thermo-electric power of pure selenium. Values for this quantity given 
in tables of physical constants are all dated 1858. 

It may be of interest to call attention to an additional fact demon- 
strated by the present work. Two pieces of selenium may be joined to 
form an electrical circuit. The junctions may be at different temperatures 
but no thermal e.m.f. will be developed if the two pieces are homogeneous 
and identical. If, however, one piece is illuminated while the other is in 
darkness then a thermal e.m.f. will be developed and, in fact, for the 
maximum illumination used in the present work it will be ten times the 
e.m.f. of a Cu-Ni thermocouple with junctions at the same temperatures 
as those of the two pieces of selenium. In other words, a large thermal 
e.m.f. will be developed in a circuit entirely of selenium homogeneous in 
every respect except that a region of temperature gradient of one sign is 
illum nated while the region of temperature gradient of the other sign is in 
darkness. The illuminated selenium will be positive at the cold junction. 

This fact is of interest in connection with the rather frequent reports 


of the existence of thermal e.m.fs. in homogeneous circuits supposedly 


caused by unsymmetrical temperature gradients. The present work 
shows that in the case of selenium illumination introduces inhomo- 
geneities into a previously uniform circuit which result in a thermal 
e.m.f. A former investigation" has proven that absorbed gas has the same 
effect in certain metals. It is well known that differences in heat treat- 
ments received by different parts of a circuit wi'l operate in the same 
manner. In none of these cases does the effect depend upon an un- 
symmetrical temperature gradient. The thermal e.m.fs. reported in 
supposedly homogeneous circuits as being caused by unsymmetrical 
temperature gradients are, in the opinion of the author, the result of 
actual inhomogeneities in the material under study. 


DEPARTMENT OF PHYSICS, 
CORNELL UNIVERSITY, 
January 9, 1925. 


1 R. M. Holmes, Phys. Rev. 22, 137 (1923) 
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ON THE THEORY OF DIAMAGNETISM* 


By S. J. BARNETT 


ABSTRACT 


Relations between the Weber-Langevin theory and that of Pauli. The first 
theory gives a band for the Zeeman effect; the second, which is based on Larmor 
precession, gives sharp lines, as is known. The susceptibilities, K, and K,, are 
different except when the orbits are normal to the intensity H of the magnetic 
field. When they are parallel to H, K, vanishes and K; is half that for the 
normal orbits, an extreme case. In the simplest case, viz., that of coplanar 
orbits, the ratio of the susceptibility Kg for random orientation of the orbits 
to that Kp for similar orientation with all orbital axes parallel to H is 1/3 by the 
first theory, and 2/3 by the second. In the general case of Pauli’s theory 
Kr/Kp =2/3 X(ratio of total “quadrupolmoment” to quadrupolmoment nor- 
mal to A), where A designates a principal atomic axis, which may be normal 
to no orbit, and Kp the susceptibility when A is parallel to H. In the general 
case of random orientation K;/K,=2. Molecular magnetic orientation. In 
1910 Langevin showed that the magnetic field tends to orient unsymmetrical 
diamagnetic atoms, so as to make the magnitude of the extraneous flux through 
the orbits a minimum. The general law is similar to that for magnetic double- 
refraction, alignment approaching completeness and diamagnetic susceptibility 
approaching a minimum as H increases and temperature decreases. Thus this 
theory cannot explain the recent results of Glaser on the variation of sus- 
ceptibility with pressure; it is suggested that these may possibly be due to a 
quantization resulting from the weak magnetic moment produced according to 
either theory in an intense field. Larmor precession of a diamagnetic atom is 
shown to be independent of orbital motions and due to the same cause as 
Weber’s rotations. 


1. This paper derives briefly some fundamental relations between the 
theories developed by W. Weber and Langevin,’ which are almost iden- 
tical, and the recent theory of Pauli? These theories and the relations 
between them are often misunderstood. Thus it has been stated that the 
theories of Weber and Langevin give different results for the Zeeman 
effect, while those of Langevin and Pauli agree; also that the two latter 
give the same value for the susceptibility. All of these statements are 
quite incorrect. The paper also calls attention to an addition by Langevin 
to the theory which is of interest in connection with recent experiments 
and possible future experiments on diamagnetism and atomic structure, 
and it gives a simple theory of Larmor precession. 


* Revision of a paper presented to the American Physical Society, Feb. 28, 1925 
(abstract in Phys. Rev. 25, 586, 1925). 

* Langevin, Ann. de Chim. et de Phys., 1905. 

* Pauli, Zeits. f. Phys. 2, 201 (1920) 
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2. Consider a circular groove or electron orbit, with radius a, in which 
an electron with charge e and mass m can move (Weber 1852) or does move 
(Weber 1871, Langevin 1905) with frequency » revolutions per second. 
li the plane of the orbit remains fixed while there is impressed a magnetic 
field whose intensity H makes an angle @ with the axis of the orbit (and 
its magnetic moment M if there is originally motion), the frequency of 
the orbital motion will increase, as follows both from the equations of 
Weber and from those of Langevin, by the quantity 

An = — (eH /4xmc)cos6, (1) 
which is independent of the original frequency. This produces an in- 
crease AM in the magnetic moment of the orbit such that 

AM = — (e*a*/4mc*)Hcos6, (2) 
whose component in the direction of H is 
AMg= — (ea?/4mc*) Hos". 

An atom for all of whose orbits together 2M is initially zero is a 
diamagnetic atom. It is easy to conceive a diamagnetic atom such that 
~AM.and YAMz, are independent of the orientation in the field. In 
general, however, the magnitude of SAM, for either a magnetic or a 
diamagnetic atom will be a maximum when a definite atomic axis A is 
parallel to H. 

If all the orbits in an atom are parallel (normal to A) and all the 
atoms oriented with A parallel to H, each orbit contributes to the re- 
sultant moment the maximum amount 

AM, = —e’a?H/4mce?; (3) 
while, if all the orbits are parallel to H, 
4My=AM=0 (4) 
for each orbit. 

If the atoms in any case are distributed at random, the average con- 
tribution of an orbit is 

AM = —}e'a*H /4mc? (S) 
since the mean value of cos’@ is now 4. 

Thus the ratio of the susceptibility in the third case to that in the first 
is 1/3, as shown by both Weber and Langevin. If all the orbits in the 
atom are not parallel, the ratio of the susceptibility for random distribu- 
tion to that when A for each atom is parallel to H is clearly greater 
than 1/3, and becomes unity when the atom is completely symmetrical. 

3. The theory of Pauli, unlike that of Weber and Langevin, is based 
on Larmor precession, of the simplest type, and therefore is applicable 
only to monatomic gases. According to Larmor’s theorem, an atom with 
any number of electron orbits when placed in a magnetic field precesses 
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around an axis B through the nucleus and parallel to the field intensity, 
with the angular velocity, in revolutions per second, 
An = —eH/4mcm. (6) 
The moment AMg=AM contributed by the electron orbit of Section 2 
can be found, on this theory, as follows. Let p denote the perpendicular 
distance from the electron to the axis B. Then the mean areal velocity of 
e about B is 
4° 2xAn- p*, 
whose product by e gives the mean value of the moment, viz., 
AM = —@Hp*/4me?. (7) 
This is identical with the moment which would be produced by distribut- 
ing the charge e uniformly over the orbit and rotating the circle about B 
with the velocity An. 
When @=0, p? =a’, and 
4M=AM,, (8) 
the value given by the Weber-Langevin theory. 
When @=2/2, p?=a?/2. Thus in this case 
4M=}-° 4M). _ 9) 
For random distribution, the mean moment produced is the same as 
if the charge ¢ were uniformly distributed over the sphere of radius a and 
the sphere rotated about B with the velocity An. Thus in this case 
_ AM=%- AM, (10) 
4. In order to proceed to more general results, let us now, with Pauli, 
assume three rectangular axes X’, Y’, Z’, fixed in the atom, the origin 
coinciding with the nucleus; let us assume Z’ to coincide with the axis A, 
and X’ and Y’ with the principal axes normal to A. Let the coordinates 
of an electron with reference to these axes be denoted by x’, y’, zs’. Then, 
by definition, Debye’s principal ‘“quadrupolmoments” of the atomic 
electron system are csi - 
0,= Lex’? , Og= Ley? ,0,= 2°: ex’? (11) 
Further, let X, Y, Z be a rectangular coordinate system fixed in space in 
which the nucleus is at the origin and Z coincides in direction with H. 
In this system let x, y, s denote the electron coordinates. Let the direc- 
tion cosines of X’, Y’, Z’ with respect to Z be denoted by a, 8, , and 
let the distance of an electron from the origin be denoted by R. Then we 
have, with Pauli, 


s=xat+yB+s'y, eR? =0,+6.+6;=0, 


and Lep* = — Lez? = — (6,a*+-028* + Oxy") 
where p has the same significance as in Section 3. 
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(1) Suppose the atoms all aligned in such a way that A is parallel to 
H (a=8=0, y=1). In this case 


Lep?=0—03=0, +02 (12) 


(2) Suppose the atoms oriented at random (a? = B? = y? = }), Then 
(Pauli) 


Dep? =0—40 = 90 . (13) 


Thus the ratio o of the susceptibility for random distribution to that 
for alignment is 
o = §0/ (0: +62) = §(0:+62+03)/(0:+62). (14) 
For coplanar orbits 6;=0, so that 
o=§ (15) 
as in the simple case considered in Section 3. This is evidently the 
minimum possible value of o on this theory. The maximum value, 
attained when the atom is completely symmetrical (0; =0@2=83), is unity. 

From what precedes it is also evident that for circular orbits and 
random distribution the susceptibility according to Pauli is twice that 
according to Weber and Langevin. 

5. In a recent paper’ A. Glaser has obtained the very interesting 
result, if his interpretation of his experimental work is correct, that the 
molecular susceptibilities of certain diamagnetic gases at somewhat 
reduced pressures become three times as great as at atmospheric pressure. 
This result could not be predicted on the unmodified theory of Pauli, 
which applies only to monatomic gases, and could be accounted for on 
the Weber-Langevin theory only by assuming coplanar orbits, which 
are far from probable, and complete alignment, a reason for which is not 
manifest. 

6. It is of interest to consider whether alignment could not be pro- 
duced by the action of the magnetic field on diamagnetic atoms which are 
not completely symmetrical and in which there is an axis A (Section 2). 
If the magnetic moment is M,/7 when a field is impressed with H parallel 
to A, and M:H (for simplicity assumed identical for all directions normal 
to A) when H is normal to A, it is easily shown that when the axis A 
makes an angle @ with H there is a torque 

T = —4(M,— M;)H? sin26 (16) 
tending to set A normal to H, or to make the magnitude of the extraneous 
magnetic flux through the atom as small as possible. The equations are 
quite similar to those for the magnetic torque upon a paramagnetic or 
diamagnetic crystal sphere, and the general law for the action of the 


* A. Glaser, Ann. der Phys. 75, 459 (1924) 
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field toward producing alignment is similar to that developed by Lan- 
gevin‘ to account for magnetic and electric double-refraction. The align- 
ment approaches completeness, and the susceptibility a minimum (in 
magnitude) as the strength of the field increases and the temperature 
decreases. The expression derived by Langevin for the alteration of 
susceptibility with alignment indicates, however, that even in the most 
intense fields available the effect must be extremely minute except at 
temperatures very close to absolute zero. From the standpoint of this 
theory, experiments on the susceptibility of diamagnetic substances, 
gases in particular, as a function of the temperature and magnetic in- 
tensity may yield important information on the arrangement and con- 
stitution of the electron orbits only under extreme conditions. The 
theory evidently cannot account, even qualitatively, for the results of 
Glaser. 

It is perhaps possible that alignment might be produced as the result 
of a spatial quantization due to the weak magnetic moment given to the 
atom according to the theory of Weber and Langevin or that of Pauli 
in an intense magnetic field. 

7. For @=0 or 27, Eq. (1) gives 

An = F eH /4xmc (17) 
which, as Langevin points out, corresponds to the normal Zeeman effect. 
He does not point out, however, that, with random distribution, An has 
all values between this maximum and zero, on account of the presence of 
the factor cos @ in the general expression, so that a band occurs instead 
of sharp lines. This fact has doubtless been noticed by many others, but 
I have seen no statement of it in the literature, and I have recently been 
assured by one distinguished physicist that the Langevin theory gives 
sharp lines, while the Weber theory does not. As a matter of fact, Eqs. (1) 
and (17) are common to both theories. Pauli’s theory, based on Larmor 
precession, of course gives sharp lines. 

8. It may be of interest to consider further the theorem on atomic 
precession first stated by Larmor, and established in a different way by 
Lorentz.’ If we consider a diamagnetic atom, as defined in Section 2, 
and divide the torque produced on the atom by the magnetic field by the 
angular momentum in order to obtain the velocity of precession, we 
obtain the indeterminate expression 0/0. We may, however, start with 
an atom whose orbits are so arranged that it has a definite magnetic 
moment, and imagine the arrangement to be distorted gradually until 
the moment vanishes. Since the magnetic moment of each orbit is pro- 


* Langevin, C. R. 151, 475 (1910); Le Radium 7, 249 (1910) 
* Lorentz, The Theory of Electrons, section 104 (1909) 
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portional to its angular momentum, the precessional velocity remains 
constant and equal to that given by Larmor. It is especially interesting 
to see that the Larmor rotation is exactly the rotation which would be 
produced by impressing the magnetic field on the atom with the arrange- 
ment of its orbits unchanged, but with the charge in each orbit at rest 
and located at any point of the orbit or distributed in any way along the 
orbit (the ratio of e to m being assumed unchanged). For if we consider 
such an orbit in which the electron is distant p from the axis B, and apply 
the magnetic field parallel to B, the electron will acquire the angular 
velocity An = —eH/4mmc and will move in the circle of radius p around 
the axis B, in accordance with Eq. (1). The result is independent of p. 
Thus the electron may occupy any position in its orbit, or the charge 
may be distributed along the orbit in any way. The Larmor rotation 
in a diamagnetic atom is due to the momentum given to the charge by 
the creation of the field, as in Weber’s theory, not to the torque arising 
from the action of the steady field on the moving electrons—which 
vanishes for the complete atom in which the resultant torque on each 
orbit also vanishes. 


Tue CARNEGIE INSTITUTION OF WASHINGTON AND 
THe CALIFORNIA INSTITUTE OF TECHNOLOGY 


* Received February 3, 1925—Ed. 
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THEORY OF THE MAGNETRON TAKING INTO ACCOUNT 
THE VARIATION OF THE MASS OF THE ELECTRON 
WITH VELOCITY 


By Leicu PAGE 


ABSTRACT 


In a previous paper the exact expression for the critical voltage necessary to 
drag electrons to the cylindrical anode when an axial magnetic field is acting 
parallel to the central filament was derived, taking into account the variation of 
mass with velocity. The exact theory is now extended to cover the case when 
the filament current is so large that its concentric magnetic field is not negligible. 
The exact theory begins to differ from the approximate theory, in which the 
mass is treated as constant, by an appreciable amount (2 percent) for a critical 
potential of 20,000 volts, the divergence increasing approximately in proportion 
to the voltage. Since 20,000 volts corresponds to an axial field of the order of 
200 gauss or a filament current of the order of 700 amp. it should be possible 
to verify by experiment this exact theory, and with it the relativity expression 
for the longitudinal mass of the electron, which is involved. 


N a recent paper A. W. Hull' has considered the effect of the magnetic 
field of the heating current on the motion of the thermo-electrons 


emitted from the cathode of a magnetron. In the presence of an im- 
pressed magnetic field parallel to the coaxial cylindrical electrodes of the 
tube the electrons emitted from the inner electrode are subject to the 
joint action of the external field H and the field 17; due to the heating 











Fig. 1. 
current J. Hull has deduced the critical relation between the field H, 
the current J and the potential V between the electrodes for cut off on 


the assumption that the mass of the electron is constant. The object 
of the present paper is to extend the theory’ to the case where the varia- 


'A. W. Hull, Phys. Rev. 25, (May 1925) 
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tion of mass with velocity required by electromagnetic theory and rela- 
tivity is taken into account. As both transverse and longitudinal masses 
are involved the theory suggests a method for direct experimental veri- 
fication of the formula for the longitudinal mass. 

The theory has already been given’ for the case where the field of the 
heating current is negligible. Proceeding to the case where neither field 
is negligible, it is clear that cylindrical coordinates r, 6, z (Fig. 1) are 
indicated for the mathematical investigation. Denote by eo the charge 
of the electron, by mg its mass, by E the radial electric field, by N the 
flux between the two cylinders due to //, and by a and R the radii of 
cathode and anode respectively. Put 


é v h h; 1 


€o 


n 
gr VF RT ore 
Then, in Heaviside-Lorentz units 

h;=i/2eacr . 
If F denotes the force on an electron, we have parallel to the path 
F.r+F,70+F 2 = a Tynan bret r°66+ 22 | 


Ave 
= Moc mare ° 
dt\V/{--B? 


| (r6+27r0)z—r6z | , 


and at right angles 


. ; Mo 
F,z—F 76 = ——— 
Vi — B? 

Fa —F,z= : —|rz— (r—r6")z] ' 

Vv 1-—,? 
F,v6—F yr = — | (r — r6*)r@—(r6+2r6)r] . (4) 
VIi-B 
Of the last three equations only two are independent. Now taking 
the heating current in the same direction as the external field H, 


F,=(eo/c) [cE—zH;+r0H] , 
F,=- (eo/c)rH , 


°F, = (eo/c)rH;. 


2 Leigh Page, Phys. Rev. 18, p. 58 (1921) 
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Substituting in (1) 


reed 


which integrates at once giving the energy equation 


- - , (1) 


c? 


Eliminating g between (1) and (2), and then eliminating 7 between 
the equation so obtained and (4), 


‘| er -| - 1 te (5 
‘ ce ¢ Vis 7a ys 


which integrates if er is eliminated by means of (1), giving, with the aid 


of (1’’), 
ro 1 . I ‘ ' 
oti Gh @ am Af war / [45 fa). (5’) 
c rc* < 


If now 6 is eliminated between (1) and (2) and 7 eliminated between 
the equation so obtained and (3), 


ez 1 q. 
| -= +=] - (6) 
c c Y= —p? dt. 


Putting in the expression for h; in terms of r and eliminating er by 
(1’), this integrates at once, and if (1°’) is used to eliminate +/1—§* the 
resulting equation is 


- 
—= log— 14+— : (6") 
C 2rc* ~~ ~ /[i+ 4 sf : ‘| 


Now the critical condition for cut off is that r=0 when r=R. As 


R 
v= fee, 


R 
n= frrear, 


substitution of (5’) and (6’) in (1°’) gives 


: 1 n*® R) 
mel tealet ae st o- 
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It is to be noted that the result is independent of space charge. 
Changing over to volts, maxwells and amperes, and putting 1.769(10)’ 
for the ratio of charge to mass in electromagnetic units, 





V(volts) = . 5086(10)*[4/1-++0. 8808(10)-* A —1] , (8) 
where 
A=(N/R)?+8.356[I logio(R/a) }? , 
N being the flux in maxwells and J the current in amperes. If the mass 
is treated as constant the formula corresponding to (8) is 


V’(volts) = 2.240(10)-3A . (9) 


The following table shows under what conditions the rigorous theory 


leading to Eq. (8) differs appreciably from the approximate theory 
involved in (9). 





(R =3 cm)(R=5cm) (R/a=10) (R/a=20) 
(gauss) (gauss) (amp) (amp) (volts) (volts) (percent) 





10.6 6.4 34.6 26.6 22.4 22.4 0 
(10)¢ 106.1 63.7 346 266 2236 2240 0 
(10)? 335 201 1094 714 21900 22400 2 
5(10)? 750 450 2450 1880 101,800 112,000 10 
(10)® 1061 637 : 2660 188 ,900 224,000 18 
(10) 3350 2010 0 7140 1,084,000 2,240,000 106 








The second and third columns give the uniform applied field 7 neces- 
sary to lead to the value of A given in the first column in tubes of 3 cm 
and 5 cm radius respectively, if the field due to the heating current and 
the radius of the cathode are negligible. Similarly columns four and 
five give the heating current necessary to yield the value of A in the 
first column in the absence of an applied field for values of the ratio of 
the diameters of the electrodes of 10 and 20 respectively. The sixth 
and seventh columns give the critical potentials necessary for cut off for 
the value of A specified in the first column, calculated by formulas (8) 
and (9) respectively. The relative discrepancies in the last column are 
given by the formula 


v’— V €o : €o €0 
oe \(=) - (<-)} £9 = .983(10)-* V. 
J Mo Mo mo 


If it is desired to compute the ratio of charge to mass, Eq, (7) may be 
put in the form 


eo . 7896(10)°V 


ee apnea ian 10) 
my,  (N/R)?+8.356|7 logio(R/a) |?—4. 386(10)-*V2 
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where V is in volts, J in amperes, N in maxwells, and the ratio of charge 
to mass in electromagnetic units. The approximate theory gives the 
same formula with the absence of the last term in the denominator. The 
ratio of the difference between the ratio of charge to mass as calculated 
on the approximate theory and this ratio as calculated on the exact 
theory to the ratio as calculated on the exact theory is equal to the ratio 
of (V’—V) to V and is given in the last column of the table. 

In the preceding theory the electrons have been assumed to be emitted 
from the cathode with zero initial velocities. It is not difficult to take 
account of initial velocities. In that case Eq. (7) must be replaced by 


[y/r+§ n @%/Re "4 { i ’ R “4 Z0/¢ \* 
= ~ og— — 
=a 2rRe? Vi —B,? 2rc3 a Vi —Bs 


1 
—_—_———— (7°) 
vi =a 
where the subscript zero indicates the initial value of the quantity to 


which it is appended. 


SLOANE Puysics LABORATORY, 
YALE UNIVERSITY, 
February 3, 1925. ™ 
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THE TEMPERATURE SCALE AND THE MELTING 
POINT OF MOLYBDENUM 


By A. G. WORTHING 


ABSTRACT 


Spectral emissivities and temperature scales of Mo from 300° to 2900°K. 
A tubular filament of pure Mo was made by winding ribbon in a close helix 
about 15 mm long and 1 mm in diam. Spectral emissivities were then obtained 
by observing the ratio of the outer surface brightness to the interior brightness 
as seen through small holes in the wall. The results were checked by two other 
methods. At room temperature the spectral reflectivities were determined 
and found to be independent of previous heat treatment. For 0.665y the 
emissivities at 300°, 1500° and 2800°K are 0.419, 0.371 and 0.331; for .475,y, 
0.424, 0.390 and 0.365 each within +.007. These values are all lower than 
those reported by others, probably because of the greater purity of the Mo or 
of the better black body conditions. Hence these are believed more reliable. 
These emissivities lead to a difference between true temperature and bright- 
ness temperature as a function of the brightness temperature of 46° at 1000°, 
113° at 1500°, 217° at 2000°, and 370° at 2500°K. 

Melting point of Mo has been obtained by observing the brightness tempera- 
ture of a Mo V-filament at melt and applying the correction to true tem- 
perature, and by two other methods. The rounded average of 97 readings yields 
2895°K +10 (c2=14,330u deg., T,,, =1336°K). This value is higher than 
most of the results of others. 


INTRODUCTION 


STABLISHING the true temperature scale for a substance at 
incandescence consists in determining the relation between some 
conveniently chosen physical property of the substance and temperature. 
For substances which can be operated as lamp filaments at incandescent 


temperature, a convenient property is a spectral emissivity. This pro- 
perty has been chosen in this case. 


Previously published works on the spectral emissivity and the melting 
point of molybdenum will be noted later. 


SPECTRAL EMISSIVITIES 


Spectral emissivities obtained directly. For the most part, the spectral 
emissivities of molybdenum have been obtained with tubular filaments 
which possessed small openings through their side walls. With such a 
tube uniformly heated, a spectral emissivity may be obtained directly 
from the ratio of surface brightness to interior (hole) or black body bright- 
ness corresponding to the same temperature. In case of a small tem- 
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perature gradient along the tube, as will be shown later, it is necessary 
to measure the interior brightness in a plane nearly normal to the axis 
of the tube. 

In the present case the tubes were formed by winding molybdenum 
ribbon into closed helixes (Fig. 1). The holes through the side walls 
were small notches which had been filed in the edge of the ribbon previous 
to coiling. Molybdenum was found very satisfactory for this treatment, 
and little trouble was experienced in obtaining finished tubes which on 
heating showed a satisfactorily uniform brightness for a considerable 
length of tube. These tubes were usually about 15 mm long. The supports 
used were tungsten wires chosen of such size that their junctions with 
the molybdenum tube were of about the same temperature as the central 


parts of the tube. Current conduction along these tubes was largely 






Fig. 1A Fig. 1B 
A. Photograph (natural size) showing mounting of molybdenum tube. 
B. Photograph (magnified) showing detail of molybdenum tube. 


parallel to the axis. Any loose contact between turns was made evident 
by the localized high temperature in that vicinity. When using a tube 
it was necessary to keep at a distance from such a hot spot. While this 
type of tube is not as satisfactory as the type with a continuous wall, 
such as was used in a study of tungsten,' just as reliable results can be 
obtained. 

Previous to employing any particular hole for spectral emissivity 
determinations, the uniformity in temperature along the filament for 
several diameters was studied, and the need of precautions as to direction 
of viewing the interior brightness was considered. Black body bright- 
nesses in uniformly heated enclosures result from a building up by re- 
flection both diffuse and specular. In the tubes used in this work, the 
building up was very largely due to specular reflection. The evidence 
was the appearance within the holes, on proper orientation of tube with 


' A. G. Worthing, Phys. Rev. 10, 377 (1917) 
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respect to the line of sight, of dark patches of nearly surface brightness. 
Just how black body brightnesses were assumed to build up in the in- 
terior of the tubes used is indicated in Fig. 2. Where r is the reflectivity 
of the material, B., B,, B. etc. the natural brightnesses of the material 
at points a, b, c etc., and B, the brightness of the hole, it follows that in 
the direction OP 
Bo= BatrByt+r°B.+r*Bat 
In case B,, By, B. etc. are equal this becomes 


Bo=B,/(A-r)=B,/e 


where e is the emissivity. In this case, except for a slight difference in 


temperature between inside and outside of tube, B, is also the brightness 


Fig. 2. Illustrating building up of black body radiation and method of taking 
into account a temperature gradient along the tube. 


of the outside of the tube next to the opening; and the emissivity may 
be obtained by comparing a surface brightness next to the hole with the 
hole brightness. In this work, however, differences in B,, By, B. etc. were 
taken into account by taking as the surface brightness a weighted 
average of B,, B,, B,, and B;. While the weighting varied somewhat, 
generally they were weighted in order about as 5, 3, 1, and 3. By; was 
included partly to yield with B, the average B, and partly to take account 
of some diffuse reflection. As used the line of sight OP did not pass 
through the axis of the tube and there were usually two or three reflec- 
tions between two such points as a and c. Usually the brightnesses B, to 
B, varied less than 3 or 4 per cent over all. 

The results obtained by this method for wave-lengths 0.665 and 0.475u 
are plotted as circles and crosses in Fig. 3. As the question of the true 
temperature scale, which was of most interest, required emissivities at 
only one wave-length, many more determinations were made for the 
more convenient wave-length .665u. In going from the dashed curves 
representing observed results to the full line curves representing final 
results, a correction was applied for the difference in temperature between 
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the interior and the exterior of the hollow tube. The correction applied 
assumed the difference in temperature to be the same as if tungsten were 
used instead of molybdenum.’ 

Spectral emissivities from reflectivity data. Spectral emissivities at room 
temperature and at 1080°K were obtained from spectral reflectivities 
according to a method described elsewhere.* Results obtained for two 
wave-lengths \ = 0.6654 and \=0.475y are shown,in Fig. 3. The values 


» 
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Fig. 3. Spectral emissivities of molybdenum as a function of temperature obtained 
by three methods. 


at room temperature obtained from reflectivity measurements are 
believed quite accurate since they represent the average of a large 
number of determinations, many of which were undertaken expressly 
to see whether or not there was a change of reflectivity with heat treat- 
ment. (None was found.) The single values plotted at 1080°K were 
obtained under unfavorable circumstances and are to be given little 
weight. 

Spectral emissivities obtained from comparisons with tungsten. Originally 
it was hoped that the spectra] emissivity of molybdenum might be 
obtained by comparing its brightness with that of tungsten at the same 
temperature, and computing its emissivity from their ratio of brightnesses 


2 A. G. Worthing, L.c.' p. 382 
*A. G. Worthing, Zeits. f. Phys. 22, 9 (1924) 
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and the previously determined spectral emissivity of tungsten. By 
tapering bluntly the end of a tungsten filament, indenting slightly the 
end of a molybdenum filament, mounting the filaments end to end in a 
lamp, heating the combination carefully until the molybdenum just 
melted at the junction, and then cooling quickly, a lamp was obtained 
which made emissivity comparisons between the two metals possible. 
Due to alloying action, there was at the junction a boundary line which 
was brighter than either the tungsten or the molybdenum adjacent. 
However, as long as the temperature was maintained sufficiently low so 
as not to cause appreciable further alloying, this line of demarcation did 
not trouble. Assuming the temperature at the opposite sides of a junction 
to be the same, it was a simple matter to obtain relative brightnesses of 
tungsten and molybdenum corresponding to the same temperature and 
then to compute the emissivity of molybdenum. Unfortunately, neither 
of the two lamps obtained in the above described fashion was used very 
long before it was Spoiled by the spread of the alloying action due to 
operation at too high temperatures. However, some spectral emissivity 
determinations, as shown in Fig. 3, were obtained by this method at 
about 2000°K. ; 

Except, perhaps, that they indicate the plotted curve for \ = 0.475y to 
be somewhat low, the results obtained by these comparisons with tung- 
sten agree very well with the directly observed values. This fact is quite 
gratifying and lends increased confidence to both sets of emissivities. 

Previously published spectral emissivities. But few published values for 
spectral reflectivities and emissivities for molybdenum in the visible 
region are to be found. Insofar as they well can be, these together with 
some comparative values obtained in the present investigation are shown 
in Table I. Considerable variations both at room and at incandescent 
temperatures are shown. However, as one general observation, it is to 
be noted that at all temperatures the emissivities obtained by the present 
writer are lower than those obtained by the other workers. — 

In explaining the differences of Table I, there are at least three general 
considerations that must be taken into account: (a) The use of rough or 
poorly polished surfaces leads to too low reflectivities and thus to too high 
emissivities. (b) The imperfect realization of black body conditions leads 
to too high emissivities. (c) The use of impure specimens, especially if the 
impurity consists of a tungsten-molybdefum alloy, will result in too high 
emissivities. In a lamp with a filament composed of a piece of tungsten 
wire and a piece of molybdenum wire butt-welded, the alloy formed at 
the junction when heated to incandescence is noticeably brighter than 
either unalloyed component. Since all three factors tend toward too 
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high emissivities, the lower experimental values, other things being the 
same, are to be regarded as the more nearly correct. | 

Coblentz states that his specimen of molybdenum had a very good 
polish, so, in his case at least, the difference must be explained otherwise 
than as due to a lack of polish. Also it hardly seems possible to ascribe 
the differences to method since using the same methods gave very good 
agreement in the case of tungsten.* The most probable source of difference 


TABLE I 
Comparative values of spectral emissivities of Mo as obtained by different experimenters 












Observers At 300°K At high temperatures 
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is the difference in purity of the metals used. Tungsten is a material that 
is difficult to separate from molybdenum, and their alloy has a higher’ 
spectral emissivity at incandescence, and also probably at room tempera- ~ 
ture, than either component. Now, it seems not improbable that Cob- 
lentz’s specimen may have contained some tungsten, having been pre- 
pared at a time when the metaliurgy of tungsten and molybdenum was 
not as advanced as when the present writer’s specimens were prepared. In 
fact, the Wire Division of the National Lamp Works, which furnished 
the writer with wire, states that the wire used in the room temperature 
measurements was obtained from slugs of exceptionally high purity. 

A determination of the temperature'coefficient of resistance to be pre- 
sented in a forthcoming paper bears out this statement. 







* Coblentz, Bull. Bur. Stds. 7, 197 (1911) 
* Mendenhall, and Forsythe, Astrophys. J. 37, 380 (1913) 
* Burgess and Waltenberg, Bull. Bur. Stds. 11, 591 (1914) 
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In the writer’s opinion, this question of alloying with tungsten prob- 
ably also explains why the writer’s results differ from those of Burgess 
and Waltenberg. They obtained their emissivities of molybdenum by 
comparing the brightness of a speck of Mo which had previously been 
melted on a strip presumably of tungsten in order to bring the two in 
good thermal contact, with that of the strip. To check the alloying 
action, they cooled their strip as soon as the melt occurred, but the 
question arises, especially since such small amounts of molybdenum 
were actually used, whether the damage had not already been done. 

It might be argued that the writer’s results are subject to errors of 
alloying resulting from the use of tungsten wire to support the Mo tube. 
The answer is that the surfaces observed were too far from the tungsten 
for alloying to occur at the temperatures and in the time involved. 
Moreover, if the writer’s results are thus in error, the discrepancies 
shown in Table I must be increased rather than diminished. 

With regard to the work of Mendenhall and Forsythe, the present 
writer is inclined to regard the possibility of a failure to get black body 
conditions as the explanation. They used V-shaped strips with a 10° 
opening. And, while it may be shown that, if a V is perfectly knife-edged, 
the radiation from the V will be very nearly black, it may also be shown 
that, if the junction of the two sides is slightly rounded and particularly 
if also the optical pyrometer is so used that its object glass subtends an 
angle of several degrees at the V, there will be a failure to obtain black 
body radiation which may be appreciable. Other work with tungsten 
lends credence to this view. 

While it may seem unreasonable to entirely disregard the earlier results 
on the spectral emissivities ofmolybdenum, the present writer feels justi- 
fied in so doing, particularly (a) since the direction of difference points 
to his having had purer material and better black body conditions, and 
(b) since his results obtained by three different methods are in very good 
agreement with one another. 


RELATIONS BETWEEN TRUE, BRIGHTNESS AND COLOR TEMPERATURES 


Brightness temperature S,, true temperature 7, and spectral emis- 
sivity e, are related by Wien’s equation as follows 


=*(- 1 
log .¢,=—{ — -— — 
ANT 


where cz is the Wien constant. For use with the disappearing filament 
pyrometer, a curve showing (7'—.S) as a function of S is the most con- 
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venient method of expressing the true temperature scale. Curve a, 
Fig. 4, shows such relation for \ = 0.665y. 

Another method of representing the true temperature scale consists in 
giving the relation between color temperature 7. and true temperature. 
When, as with molybdenum, an accurate color match with a black body 


500 


TS 


600 00 2200 400 4600 4800 2000 2200 2400 2600 
S w °K (0+0665 4) 


Fig. 4. Showing relations (A) between the color temperature 7, the brightness tem- 
perature S (0.665u), and (B) between the true temperature T and S. 
The ordinates are T7,—S and T—S, respectively. 


source is possible, the equation, deducible from Wien’s equation, which 
shows how 7. may be com puted as a function of 7, is 


e1 (- -) (- -) 
log.— = ¢2| — — — ———j}, 
e€2 Ai Ae T T. 


where ¢, and é, are spectral emissivities corresponding to \;, and Ag. 
T. as thus defined may be related to S by 


Cea 1 1 ) 
log .¢.=—{ — — — 
X yy S, 


where e, is the color emissivity and represents the brightness of the 
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molybdenum relative to that of a black body at color match. For sim- 
plicity this latter relation has been selected for curve b, Fig. 3. 


MELTING-POINT 


Three methods have been employed in obtaining the temperature of 
molybdenum at its melting point. The first, or filament-melt method, 
employed a short, narrow, V-shaped filament with a reduced cross-section 
at the point of the V, which was gradually heated electrically in a commer- 
cial argon atmosphere until it was seen to melt. At the same time, the 
brightness of the reduced segment was followed with a disappearing 
filament pyrometer, and the brightness temperature of the filament at 
melt noted. Thereafter, the true temperature was obtained with the aid 
of the spectral emissivity and Wien’s equation. A lamp with such a 
filament mounted as stated and burned with the point of the V upward 
served generally for four or five melts, it being usually possible several 
times in succession to cool the filament so quickly after melting started 
that the filament did not separate. After the filament did break, it was 
still possible to use it for the second type of melting point determination. 
Frequent bulb transmission measurements were needed to take account 
of blackening due to vaporization of material. Pyrometer filters corre- 
sponding to 0.6654 and 0.462u were used. 

The second, or arc method, of determining the melting-point, usually 
made use of lamps previously used in the filament-melt method. When 
the filament once separated, ball terminals formed on the remaining stubs 
of the filament. The pyrometer was sighted on the positive terminal 
at the junction of the ball terminal and the filament stub. There was 
always some detail visible there, though usually no detail was visible on 
the ball itself. As the current through the arc was increased, the ball 
finally melted, but no criterion as to when melting started at any par- 
ticular point was ever visible on the face of the ball. In fact, for the 
portion opposite to the negative terminal, the first indication of melt 
often consisted of a sputtering and a swaying of the ball as if it were 
yielding considerable amounts of gas. But the rear of the ball where 


the pyrometer was sighted gave no evidence of any such disturbances. 
Moreover, it furnished a good criterion of melting in the shift of the line 
which marked the disappearance of detail at the junction of ball and 
filament stub. So far as the pyrometering and the determining of the 


true temperature were concerned the procedure was the same as in the 
filament-melt method. One arc lamp of the type described usually served 
for about 10 or 15 determinations. Throughout all, the brightness tem- 
peratures measured were uninfluenced by the brightness of the arc proper, 
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a condition which has not always been attained heretofore in arc method 
measurements. To eliminate effects arising from deviations from Lam- 
bert’s cosine law, the pyrometer was always sighted at a spot where the 
surface was nearly normal to the line of vision. Pyrometer filters corre- 
sponding to 0.665u and 0.462u were used. 

The third, or tungsten-molybdenum contact method of determining 
the melting point employed a lamp with a piece of tungsten and a piece 
of molybdenum wire mounted end to end. The end of the tungsten wire 
was bluntly tapered and the end of the molybdenum wire slightly 
hollowed so that during the building of the lamp there might not be 
excessive trouble experienced in keeping the wires end to end. As in 
the other methods, the wires were electrically heated by a current, in 
this case so directed as to insure a positive Peltier heating and hence a 
temperature of the molybdenum filament definitely hotter at the junction 
than elsewhere. With the pyrometer sighted on the tungsten close to the 
junction the current was increased until melting occurred. Application 
of the previously determined emissivity of tungsten to the brightness 
temperature found gave the melting point of molybdenum. Only one 
determination with a pyrometer filter corresponding to 0.6654 was 
secured by this method. 

Melting-point results. A summary of results obtained by these methods 
just described is given in Table II. For both wave-lengths the arc method 
yielded values about 20° higher than the filament-melt method. The 


TABLE II 


Results obtained for the melting point of molybdenum 
(C2 = 14330 deg., T4,, = 1336°K) 








No. of readings Wave-length Brightness Spectral True 
r temperature emissivity temperature 
Sr &r T 





Filament-melt 0.664. 2518°K+ 6°* .328 2894°K 


Arc 664 2531 til .328 2911 
Filament-melt 462 2647 +5 .363 2890 
Arc 462 2666 +10 .363 2915 
W-Mo contact 664 2912 
Weighted average 2895°+10° 








* Average deviation in S,, observed or estimated. 


assumption that the emissivity of molybdenum at the melting point 
suddenly increases on melting, requires about a 5 percent change to 
account for the magnitude of the change observed. While the filament- 
melt method might naturally be expected to yield too low a result, and 
the arc method as carried out too high a result, a difference on this 
account of more than 1 or 2 percent (4° or 8°) was not anticipated. In 
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fact, work on tungsten’ showed no certain change. While it seems very 
doubtful that an increase in emissivity of from 3 to 5 percent on melting 
could have escaped detection, some such change may actually have 
occurred. 

In arriving at an average for the melting point temperature, the 
possibility of such a change in emissivity at melt justifies giving the 
filament-melt values considerably greater weight. This has been done. 
Everything considered, a rounded average of 2895°K + 10° as the melting 
point of molybdenum seems the most justifiable conclusion. 

Comparison of melting-point determinations with results of others. All 
available data on the melting point of Mo which the writer has found 
are summarized in Table III. The results of Ruff and Goecke are ob- 
viously in error. The others reduced to a common temperature scale 


TABLE III 
Summary of determinations of the melting point of Mo 








Method of 
producing 
melt 


Values used in published results for 

Sr T 
2800°K 
2380° 


Author 
Tt 


2870°K 


Ce oN €r 





Wartenberg’ Tungsten 14,600 


furnace 
Ruff and Furnace 
Goecke® 


Pirani and Hg vapor arc 


eyer 
Mendenhall! Filament 
and For- 
sythe’® 
Piraniand Tube 
Althertum"™ 
Worthing Filament 


Arc terminal 
W-Mo junc- 
tion 


14,200 0.64u 


0.51 


2725° +30) 


14,500 


14,300 





.658 


.545-548 
580-591 


0.462 


14,3904 
0 


.664 


0.390 2510°K 2808° 


.363 2651° 
.328 2519° 


2840 + 40 


See 
Table 
II 





2850° + 30 


(S)2935°* . 
(T)2870* 


2835 + 40 


2895° + 10 








*In transferring the published results, the S and T values which were obtained 
separately were transferred separately. Due to the change in spectral emissivity the 
transfer from S gives the higher temperature. Account was taken of a 


wave-len 
0.664n. 


h (Hyde, Cady, and Fors 
hese relative values are independent of an 


+t Computed assuming cz = 14330 deg., T4, =1336°K, e(.665u) =.328. 


in effective 


he, Astrophys. J., 42, 294, 1915) from 0.658, to 
measured emissivities. 


vary from 2835°K to 2935°K. The cause for this wide range may perhaps 
be linked up with the discussion given above regarding the great range 


7 Wartenberg, Verh. Deutsch. Phys. Gesell. 12, 121 (1910) 
* Ruff and Goecke, Z. angew. Chem. 24, 1459 (1911) 

* Pirani and Meyer, Verh. Deutsch. Phys. Gesell. 14, 426 (1912) 
1° Mendenhall and Forsythe, Astrophys. J. 38, 196 (1913) 
" Pirani and Althertum, Z, Electrochem. 29, 5 (1923) 
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to be found in recorded spectral emissivities. The discussion there given 
does not, of course, concern the results of Pirani and Althertum. Perhaps 
more may be said following an international intercomparison of tem- 
perature scales which the writer’s colleague Dr. W. E. Forsythe has now 
under way. 

For efficient aid throughout the progress of this work, which was 
largely performed two years ago, the writer is greatly indebted to Kenneth 
Moorhead, Charlotte Skinner, Lester Boss, Ruth Sublett, and C. H. 
Prescott, Jr. 


NELA RESEARCH LABORATORY, 
March 13, 1925. 
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MEASUREMENTS OF VELOCITY OF THE SYNTHESIS 
OF HYDROGEN BROMIDE BY CAPACITY CHANGE 


By ARTHUR BRAMLEY 


ABSTRACT 


Dielectric constant of bromine vapor at 180°C was found to be 1.0128 bf? 
comparing the capacity of the condenser containing Br with the capacity 
when it contained a gas of known dielectric constant. This value is considerably 
larger than that calculated for diatomic molecules (1.0022), and evidently corre- 
sponds to the molecular aggregate (Bre)s. 

Study of the synthesis of HBr, by capacity measurements.— At 18°C in the 
dark, the reaction takes place slowly if at all, but illumination by a 100 watt 
lamp for a few minutes produced a considerable change. Blue light was found 
to be about four times as effective as red. At 58°C the reaction proceeded in 
the dark, the thermal effect predominating over the photo-chemical. 

Null method capacity bridge is described, similar to the regenerative de- 
tector, in which the bridge feeds back to the plate circuit. 


INCE any chemical reaction is accompanied by a change in the 
dielectric constant of the reacting system, the change in the dielectric 


constant being proportional to the amount of substance transformed, 
the velocity of the reaction may be found by finding the change in the 


capacity of the system. This method is, however, only applicable to those 
reactions in which the conductivity of the reagents is negligible. This 
method is especially adapted to the measurement of the velocities of 
photo-chemical reactions, which cannot be measured by the familiar 
means because of the rapidity of the chemical change. In this paper, the 
method is applied to the photo-chemical synthesis of H and Br under the 
influence of light. 


DESCRIPTION OF APPARATUS 


The apparatus used is shown in Fig. 1. The oscillating system consists 
of a vacuum tube (106-B Western Electric Co.), two coils ZL; and L: 
coupled together, and two condensers C; and C2, the values of the coils 
and condensers being so chosen that the circuit oscillates at a wave-length 
of about 500 meters. The condenser C; is fitted with a variable vernier 
condenser while the plate-batteries are shunted with a large capacity C 
which allows the oscillations to travel through it without serious damping. 

The bridge consists of four condensers C', C*, C* and C*® arranged in 
the arms of the bridge. The capacity C' is connected in parallel with the 
test condenser C? in which is placed the dielectric whose behavior we wish 
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to ascertain; the capacity C* is also connected in parallel with a variable 
standard condenser C*. The mid-points C and D of the bridge are 
connected through a coil L' which is coupled with LZ; and Ly. The points 
A and B are connected through a switch S with a coil L? which is coupled 
to the plate circuit by the coil L*, L* being independent of L, and Le. 
In the plate circuit is also connected in series a non-inductively wound 
variable resistance R which is connected to the potentiometer. The 
bridge, the oscillating circuit, including with it the coils Li, Ls, L', L? 
and L’,and the potentiometer are contained in separate metal boxes which 
are all earthed. The electric connections between the different systems 








LZ | 1) potentiometer 



































Fig. 1. Diagram of apparatus 


are run through metal tubes so that all the circuits are screened from 
external influences. The condenser C* and the vernier condenser attached 
to C; can be worked from outside by means of bakelite handle; the 
switch S is also operated from the outside so as to avoid capacity effects. 
The condenser C* in which is placed the substance whose chemical velocity 
is to be determined, consists of a small glass tube of about 2 cm diameter 
and 4 cm long; within this a Pt dish in the shape of a frustrum of a cone, 
which rests on the walls of the glass container; almost touching it is a 
perforated Pt disk suspended from the top of the tube by a wire sealed 
through the glass, which serves as one of the leads. The arrangement is 
shown in Fig. 2. The tube is tubulated on both sides to allow for the 
introduction of the reagents. 

The whole arrangement is mounted within an asbestos furnace which 
is used to control the temperature at which the reaction takes place. 
The coils of the furnace were heated by 120 volt current from storage cells, 
the current being so constant that it had no effect on the bridge. 
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DETERMINATION OF THE CHANGE IN CAPACITY 


The tube V is set oscillating, the coils L; and Lz: and capacities C, and 
C, being so adjusted that the change in plate current with capacity is a 
maximum. This slope of this curve is a maximum in the neighborhood 
of the maximum current. The oscillations on the primary circuit are fed 
through the coil L' into the bridge. If the bridge is off balance, A and B 
will have a difference of potential, so that when the switch S is closed 
momentarily—the switch is open in the normal position—there will be 
a current in the circuit containing the inductance L* which reacts on the 
piate circuit through the inductance L*. This reaction will make a change 
in the plate current so that the potentiometer will be thrown off balance 
and the galvanometer which is used to balance the potentiometer, will be 














Fig. 2. Condenser containing reacting gases. 


deflected. This action is the same as the regenerative action in detecting 
circuits and enables us to balance the bridge by a null method which is 
independent of the steadiness of the oscillator; and the visual method 
employed has also some advantages over the use of telephones. The 
bridge is adjusted unti! the momentary closing of the switch S produces 
no deflection of the galvanometer. The process is made easier in finding 
a rough adjustment by noting the difference between the right and left 
deflections of the galvanometer, which depends on how the bridge is off 
balance. In order to get an accurate balance the condenser, which is 
worked from the outside, must always approach the balance from the 
same side, since the balance obtained from opposite sides disagrees by 
a small amount. This effect is present in any type of bridge oscillator. 
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After the potentiometer has been adjusted roughly, the circuit may be 
finely adjusted by the vernier C,, which allows us to keep the spot of 
light on the scale if the primary circuit should change slightly. 

When the bridge has once been balanced, the bridge should be changed, 
keeping the capacities C' C* C* and C® so that the bridge is always 
balanced, until the variation of plate current with capacity C* is a maxi- 
mum. In this state the bridge is nearly in resonance with the primary 
circuit. 





While radiation at 18°C 
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Fig. 3. Capacity as a function of time. Effect of illumination with white 
radiation at 18°C. 


The capacity C* is next calibrated by placing in C* gases whose di- 
electric constants are known accurately. The calibration may be carried 
with such gases as hydrogen, oxygen, hydrogen bromide and ammonia, 
whose dielectric constant as determined experimentally is very nearly 
the same as the square of the index of refraction. 

The bridge is capable of measuring the dielectric constants to five 
decimal places, a sensitivity which is of the same order of magnitude as 
that of the most sensitive heterodyne bridges. 


THE HYDROGEN AND BROMINE REACTION 


The tube containing the Pt condenser was filled with Hz generated by 
electrolysis and passed over P,O, before entering the system. Liquid 
Br: was then introduced into the vessel so that the vessel then contained 
Hz and Br: vapor in equilibrium with a very small amount of liquid 
bromine at room temperature. The bridge containing the vessel was 
balanced and readings were taken for several minutes in the dark. The 
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light from a 100 watt nitrogen filled lamp was sent through the system 
through quartz windows in the asbestos furnace. The bridge was kept 
balanced by changing the capacity C*, readings being taken every 20 
seconds. After three minutes the light was turned off, and readings taken 
every half minute for ten or more minutes to see if the reaction pro- 
ceeded in the dark after being activated by the light. 

The results of these investigations are shown in the accompanying 
graphs for various temperatures and for red and blue light at 18° C. 
In these graphs the units are so chosen that if the reaction proceeded to 
completion, the capacity would change by unity. The relative intensity 
of the radiation transmitted by the red and blue filters was 9/100 for the 
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Fig. 4. Effect of illumination with red light at 18°C. 


blue and 24/100 for red of the total radiation of the lamp. The lamp 
had been coated with a dye which absorbed the violet and ultraviolet 
radiation. The spectral region transmitted by the filters extend from 
7090A to 5720A and from 4850A to 4375A for the red and blue filters 
respectively. 

The dielectric constant of bromine, measured by this method, was 
found to be x=1.0128 whereas the calculated constant, assuming the 
molecule is diatomic, has the following values: (1) by Lorentz’s formula 
x—1=Cp, where p=density and C=constant determined by applying 
the above equation to the liquid state, is x = 1.0022; (2) from the index 
of refraction m=1.00115, x=m?=1.0023. The values of «x calculated 
from Lorentz’s formula and the index of refraction are derived on the 
assumption that the molecule is diatomic. The value of «x found ex- 
perimentally is almost six times as large, showing that the molecule of Br 
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has an effect six times as large as that of the diatomic Br molecule; i.e., 
it must have the formula (Bre)<. 

The velocity curves seem to the writer to indicate that the vapor can 
exist only in the forms (Brz)s or Bre at the temperature used in the 
experiment—the first being the natural form for this temperature. If, 
due to the chemical action, one of the Br atoms in the aggregate unites 
with a hydrogen atom forming HBr, the aggregate breaks down to the 
simple molecular form. Since the capacity decreases during the reaction, 
the HBr must be formed from the complex molecular structure rather 
than the simple. 

The fluctuations in the capacity indicated by the velocity curves are 
probably due to the change in the molecular aggregate since the effect is 
quite noticeable in the dark before the reagents are exposed to the 
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Fig. 5. Effect of illumination with blue light at 18°C. 














radiation. The action of the radiation would seem, from the curves, to 
increase this effect, which would be expected if the reaction tended to 
break down these complex molecules as we have explained in the previous 
paragraph. 

If we consider the curves for red and blue radiation at 18°C, we see 
that the chemical reaction is more intense for the blue than for the red 
radiation, while in the dark before and after illumination no appreciable 
effect is noticed; i.e., the thermal reaction does not proceed at this 
temperature. Comparing the curves for white radiation at 18°C and 58°C, 
i.e. unfittered white light from the lamp, we see that although the effect 
of the light is predominate in influencing the reaction at 18°C—the dark 
reaction is not appreciable—the effect at 58° has almost completely 
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disappeared and we have only the thermal reaction. Thus the photo- 
chemical velocity increases with increasing frequency of the incident light 
but diminishes with increasing temperature; the photo-chemical change 
is thus opposite to the effect predicted by the thermal chemical law 


dx/dt = ce —a/kT = ce —hv/kT 


where dx/dt is the velocity of the thermal reaction, i.e. the reaction jin 
the dark. 

This type of apparatus offers a means of measurement for a wide 
variety of chemical reactions, e.g. the photo-chemical decomposition of 





White radiation at 58°C 











nnn 
i 


2 4 7 10 min 








Fig. 6. Capacity as a function of time, at 58°C. 


HI, HBr, NH3;, O; and H,O.; the method is also applicable to reactions 
in solvents; the writer has used this method to investigate the formation 
of ethyl acetate at various temperatures in aqueous solution. 

Another field which would seem to offer many fruitful results, is the 
investigation of the degree of aggregation of vapors in contact with the 
liquid phase. 

In conclusion, the writer wishes to express his gratitude to Professor 
E. P. Adams for suggesting the problem and for his helpful suggestions 
during the course of the investigation. 


PRINCETON UNIVERSITY, 
January 6, 1925. 
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METHOD FOR MEASUREMENT OF TIME INTERVALS 
FROM 10-7 TO 6.7X10-" SECOND 


By Paut HEYMANS AND NATHANIEL H. FRANK 


ABSTRACT 


In this method, when a spark passes across a gap, an electric impulse travels 
along two nearly identical paths to two electrodes placed in contact with a 
photographic plate, and Lichtenberg figures are produced on this plate. The 
shift of the meeting line of the two Lichtenberg figures from the half-way posi- 
tion due to retardation in the path to one electrode is directly compensated by 
lengthening the electric path of the lead going to the other electrode, until the 
meeting line has returned to the half-way position. Thereby the use of the 
Pedersen calibration curves is eliminated, the range of the method extended, 
and the accuracy of the measurements made independent of the variations 
in the conditions under which the measurements are made. By this method in- 
tervals of time which require compensating leads from 30 m to 2 cm have been 
measured, that is intervals of from 1 10~7 to 6.7 X 10™™ second. 


HEN a positive or negative traveling difference of electric potential 

of sufficient amplitude and proper gradient reaches the terminal of 
a conductor which is placed in a gaseous medium, its reflection is accom- 
panied by the production of a figure, usually visible, such as has been 
photographically recorded in Figs. 1 and 2. The properties of these figures 
change according to the sign of the electric potential. 

These figures were first observed and described by Lichtenberg! and 
are known by his name. P. O. Pedersen’ recently reviewed the work 
done at different times on the Lichtenberg figures and carried further 
the investigation of the conditions of the production and propagation of 
those figures. He ascertained that their velocity of propagation varies 
with the distance from the electrode from which they originated, the 


amplitude and gradient of the applied electric potential, and other con- 


ditions which he did not succeed in identifying. He determined experi- 
mentally’ for varying pressures, with air as surrounding atmosphere, 
the relations 


r=F(1) (1) 


'G. C. Lichtenberg, Super nova methodo motum ac naturam fluidi electrici investi- 
gandi, Géttingen, 1777-78. 

2 P. O. Pedersen, Det. Kgl. Danske, Vid. Sels. Mat.-Fys. Medd., I, 11, 1919 and 
IV, 10, 1922. 

*P. O. Pedersen, Ann. der Physik., 69, (1922) 








866 PAUL HEYMANS AND N. H. FRANK 


where r is the distance of propagation of the Lichtenberg figure from the 
electrode, and F(t) a function of the time. Similar relations for different 
atmospheres surrounding the electrodes were investigated by Przibram.‘ 

By using the relations (1) as experimentally determined, intervals of 
time can be measured in terms of the distance which a Lichtenberg 
figure has traveled during that interval. Because of their high velocity 
of propagation, the intervals of time which can thus be measured are 
very short. Pedersen,’ using calibration curves corresponding to the equa- 
tion (1) measured intervals of time from 10X10-' to 0.5X10-* second. 


Fig. 1. Negative Lichtenberg figure. Fig. 2. Positive Lichtenberg figure. 


However, the function F in the equation (1) varies with the amplitude 
and the gradient of the electric impulse, with the nature and density 
(pressure and temperature) of the atmosphere surrounding the electrode, 
with the emulsion and thickness of the photographic plate on which the 
figure is recorded, or the nature and thickness of the dielectric in case of 
visual observation, and also with some other unidentified conditions. 
These variations and the difficulty of maintaining identical conditions 
during the determination of the functions (1) and of reproducing these 
conditions in later measurements are restrictions to the Pedersen method. 

In the method which is reported here, the use of calibration curves is 
eliminated, the range of the method extended and the accuracy of the 
measurements made independent of the variations in the conditions under 
which the measurements are made. 


‘K. Przibram, Phys. Zeits. 21, pp. 480-484 (1920) 
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The circuit used is shown in Fig. 3. This circuit is similar to those 
used by P. O. Pedersen, Przibram, Toepler,> and J. P. Peters. When 
the electric impulse resulting from a spark at the gap G, reaches the 
electrodes E and E’ with a relative retardation, the two Lichtenberg 
figures emitted by the electrodes meet along a line which is displaced 
from the half-way position of the electrodes. Pedersen and others 
recorded the figures on a photographic plate, measured the shift, and 
from their calibration curves obtained the corresponding time interval. 

If, however, in the lead going to the “‘retarded”’ electrode, an additional 
length of wire is introduced, the meeting line of the two figures can be 
made to return to the half-way position between the two electrodes. 
When this is obtained, the unknown interval of time which produced the 
shift has been entirely compensated and its value is equal to the quotient 
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Fig. 3. Circuit for producing an electric impulse relatively retarded with respect to 
- another impulse. 


Al/c, of the additional length A/ of wire and the velocity of propagation c 
of the electric impulse. This compensation is independent of the vari- 
ables which may affect the measurements by the previous methods. It 
also extends the range of the method for the longer intervals of time to 
the maximum length A/ which can be practically used. When a great 
length of compensating wire is used, inductive and capacity effects 
between the different parts of the compensating lead must be carefully 
avoided. For the shorter intervals, this method of compensation extends 
the method to the limit of the precision with which a displacement of 
the meeting line from the half-way position can be detected. The 
position of the meeting line was measured in the present work by means 
of a comparator. 

In the arrangement shown in Fig. 3, a sliding contact on a graduated 
scale provides an easy means of adjusting the length of the compensating 
lead. 

By the above method, intervals of time which required compensating 
leads of a length from 30 m to 2 cm have been measured. Using as 


* Max Toepler, Phys. Zeits. 8, pp. 743-748 (1907) 
* J. F. Peters, Electrical World, April, 1924. 
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velocity of propagation of the electric impulse along the compensating 
lead the value 3X10! cm/sec.,’ these lengths correspond to intervals 
of time from 1 X10-7 to 6.67 X10-"' of one second. 

A picture of two positive Lichtenberg figures where compensation 
was obtained, is given by Fig. 4. By using positive figures accuracy 
is gained as their velocity of propagation is approximately three times 
that of the negative figure, and their meeting line usually presents better 
definition. 


NY 


Ay 


Fig. 4. Lichtenberg figures obtained with circuit adjusted for compensations of the 
retardation. 

When measuring the distance of the meeting line from the electrodes, 
it is found that the density of the radiations along the edges of the 
electrodes causes a chemical fogging of the photographic emulsion 
sufficient to broaden the image of the edge and impair the quality of this 
reference line. Therefore a series of small holes were drilled in each 
electrode, their line of centers being parallel to the edge of the electrodes. 
These holes themselves emit Lichtenberg figures and the centers of these 
figures define an accurate reference line on the photographic plate. 
The distance of the reference line from the edge of the electrode is 
measured on the electrodes themselves and subtracted from the sub- 
sequent readings on the photographic plates. The electrodes are mounted 
rigidly in a parallel position on a plate of insulating material such as 
bakelite. 


™M. Mercier, Ann. de Physique, 20, p. 5, (1923) 
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In the following table are given the measured shifts of the meeting line 
from the half-way position for six photographs taken in the neighborhood 
of compensation. Between columns A and B, B and C, the length of the 
compensating lead differs by 2 cm. Two plates, selected to have the 
same thicknéss, have been taken for each case. 


A B Cc 
Plate I .068 mm .019 mm .014 mm 
.010 .036 
.026 .037 
021 .034 
013 .030 
Plate Il . .019 .020 
.028 .021 
.025 .017 
: .023 .014 
.065 021 .026 
Mean shift + .070 + .020 .024 
Mean square error* .004 .002 .003 
* Calculated in the ordinary way from the sum of the 
squares of the differences of each of the » observations from the 
mean. 


> Festa 2 LA 


The inspection of this table shows that (1) the compensation takes 
place for a value of Al intermediate between the values corresponding 
to columns B and C; (2) the shift of the meeting line for variations in 
the compensating lead of 2 cm and the interval of time corresponding to 
that variation in length, can be measured with a probable error of about 


ten per cent. 


DEPARTMENT OF PuHysics, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
February 19, 1925. 
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SPARK PHOTOGRAPHY AS A MEANS OF MEASURING 
RATE OF EXPLOSION 


By Joun E. SMITH 


ABSTRACT 


The explosive was placed in a long cartridge having excess charges in small 
equally spaced side openings which were set off in succession as the explosive 
reached them so that each became the center of a spherical sound wave. An 
instantaneous photograph of shadows of these sound waves was obtained by 
means of a spark which occurred automatically when the explosion reached a 
certain opening and closed an electrical circuit. From the radii of the spherical 
waves and the distance between the openings the rate of explosion was deter- 
mined. Rates for various charges were found as follows: lead styphnate 
.11<.15 X 10.0 cm, 369 meters per second; loosely packed mercury fulminate 
.15 X.25 X 14.0 cm, 1205 meters per second; well packed gunpowder .45 cm 
in diameter and 12 cm in length, 261 meters per second. 


INTRODUCTION 


ALLARD and LeChatelier' traced the progress of a flame in a 

horizontal tube by the light effect upon sensitized paper which was 
made to move vertically. Oettingen and Gemet? used a rotating mirror 
and photographic camera for recording the stages in the development of 
an explosion. For a like purpose Dixon* used a camera with films attached 
toa revolving drum. 

Photographs taken by any of these or similar methods show only those 
parts of the disturbance which are self luminous and are the cumulative 
result of a longer exposure than is desirable for instantaneous results. 
Under proper conditions an electric spark has an intense luminous effect 
which lasts less than one millionth of a second. It has been used success- 
fully in the photography of falling drops,‘ insects in flight,’ projectiles 
in flight® and in various experiments with sound waves.’:*:* In Bulletin 


1 Mallard and Le Chatelier, Annales des Mines, vol. 4, 1883. 
2 Oettingen and Gemet, Ann. der Physik und Chemie 33, 586 (1888) 
* Dixon, Phil. Trans. Royal Soc. 200, 316 (1903) 
‘ Cranz and Glatzel, Scient. Amer. Suppl. Feb. 1, 1913 
5 Bull. Scient. Amer. Nov. 26, 1910 
* Cranz and Kiilp, Zeits. f. Gesamte Scheissund Springstoffwesen; translation in 
Scient. Amer. Suppl., March 27, 1915. 
7 Hyde, Scient. Amer. Aug. 26, 1916; 
Wood, Phil. Mag. 48, 218 (1889); 
M. Toepler, Ann. der Physik 27, 1043 (1908) 
* Foley and Souder, Phys. Rev. (1) 35, 373 (1912) 
* Foley, Phys. Rev., 14, 143 (1919); 16, 449 (1920); 20, 505 (1922) 
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No. 23 of the National Research Council, Foley suggested that the 
method used in sound wave photography be applied to the study of 
explosives. Using this method Dutcher,'® has made an extensive study 
of explosions in certain gases. The present paper presents some results 
of a study of solid explosives. 


GENERAL PRINCIPLE OF THE METHOD 


An explosive is confined in a heavy metal cartridge which has a series 
of openings located at definite intervals. At the openings a slightly 
larger amount of the explosive is placed. The explosion is started at one 
end of the tube and as it reaches the successive openings each Lecomes 
a source of sound. The cartridge is placed in front of and parallel to a 
photographic plate and an electric spark is produced at a gap located on 
a line drawn at right angles through the center of the plate and cartridge. 
If the spark passes at the proper time the photographic plate indicates 
the location of the various sources of sound and of each of the resulting 
waves at that particular instant. By measuring the distance which the 
explosion has progressed in the cartridge and the distance which the 
sound wave has traveled in air, sufficient data are secured for calculating 
the rate of the explosion. It should be noted that the waves are not truly 
spherical since the expiosion is restrained from development in some 


directions; also that the-velocity of the wave is at first not the ordinary 
velocity of sound in air, as it has been shown" that the velocity of sound 
near a source where the disturbance is violent is much greater than under 
ordinary conditions. However the distortion due to the first ceases and 
the velocity becomes normal before the waves have reached points to 
which measurements are made. Since differences in distances are used, 
the errors due to these causes disappear. 


ARRANGEMENT OF THE APPARATUS 


For the study of gunpowder a bar of wrought iron 2 cm square was 
drilled much like a short rifle barrel, but with a series of small openings 
in the side. The charge was ignited by an ordinary shot gun cap. 

The cartridge used for the lead styphnate and mercury fulminate 
was formed of two bars of wrought iron 30X4X1icm. One face of each 
bar was planed and in the upper one was milled a narrow shallow groove. 
Extending from the groove through to the upper side were the openings 
which were filled with the excess charges. Directly opposite the groove 
was drilled a series of holes, close together for the mercury fulminate but 


” Dutcher, Phys. Rev. 15,228 (1920) 
" Foley, Phys. Rev. 16,449 (1920) 
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more widely separated for the lead styphnate. The two bars were held 
together by fourteen quarter inch boits. The cartridge was loaded by 
separating the bars, filling the milled groove in one bar with the charge, 
covering the entire face of the bar with paper, and bolting the other bar 
to it. For firing the charge a fuse was inserted at one end. 

In Fig. 1 is shown the arrangement of the electrical and photographic 
apparatus. For the sake of simplicity the box enclosing the light gap, 
firing cartridge and photographic plate is omitted. 

The cartridge containing the explosive is at C, the photographic plate 
at P,and the gap at which the spark which makes the exposure appears, 
at L. The electrical circuit includes the induction machine with five 
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Leyden jars on each side, the trigger for closing the circuit at 7, a spark 
gap at L and another gap at G. S and S indicate the collecting brushes 
on the machine, Z a ground connection and R a rod for controlling the 
length of the gap at L. In the detail at the lower left is shown the trigger 
T which was used for closing the circuit when studying gun powder and 
lead styphnate. It isa strip of aluminum 10 cm long, 1 cm wide and 0.2 
cm thick, riveted to a heavier block through which the axle passes. The 
trigger was placed so that one end came directly over one of the holes in 
the cartridge. The explosion caused it to rotate so that its ends came very 
near the terminals which were located directly above and below the axis 
of the trigger. Thus the discharge took place through the trigger and the 
circuit which included the spark gap at L. By changing the location of 
the trigger different time intervals between explosion and exposure were 
obtained. An attempt was made to use the same trigger with mercury 
fulminate, but the explosion of even a very small quantity was too violent. 
Various devices were tried and finally the trigger was discarded. The 
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two heavy terminals were simply held in a horizontal position about 
10 cm above and below the cartridge, respectively. Thus when the 
explosion drove hot gases through the openings the air was ionized and 
the spark passed. By shifting the terminals along the cartridge the 


Fig. 2. Photograph showing sound waves due to explosion. 


proper time interval was obtained. In all cases the time interval was 


controlled also by varying the length of the gaps at G and L. Photograph 


9 shown in Fig. 2 is one of several made when using lead styphnate. 


METHOD OF TAKING MEASUREMENTS FROM THE PLATE 


Fig. 3 illustrates the method of taking from the plate the measurements 


necessary to calculate the final results. 
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Traces of waves on a photographic print were made on a sheet of 
drawing paper. The trace of the upper edge of the cartridge was extended 
to the left as shown and the various openings from which the sound 
started located upon it. The distance from source to each wave was 
then measured. The measurements in Fig. 3 were taken in this way 
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Fig. 3. Diagram of various sound waves. 
from one of the plates. Evidently the progression is uniform since the 
increase in the distance from source to wave is so. The fifth wave from 
the source immediately below the center of the plate is not measured 
since it is still distorted. 
METHOD OF COMPUTATION 

The pictures of sound waves secured by this method are, in reality, 
the projections of spherical sound waves upon the photographic plate. 
Their geometrical relation to the various parts of the set-up is illustrated 
in Fig. 4. 


L 














Fig. 4. Diagram showing geometrical relations. 


The apparatus is so designed that the point source of light is at L, 
the photographic plate is in the plane P, so placed that the normal from 
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L passes through its center, and the cartridge is in some plane parallel 
to P, between L and P. One of the openings in the cartridge lies at £ in 
the plane p and also in the normal drawn from L to the planes. This 
opening is the source of the spherical waves, represented in the figure by 
the sphere whose center is at E. The shadow of the sphere, falling upon 
the plane P produces the waves in the photograph. The radius of this 
sphere, then, measures the distance the sound wave has traveled up to 
the instant the picture is taken, and is therefore the distance which must 
be found. 

To compute the radius r, lines are drawn through L tangert to the 
sphere, forming a right circular cone. : 

S may be measured on the photographic plate; LE and LO are con- 
stant, s may be found by proportion and r is equal to s cos y. 

In the cross section diagram at the right of Fig. 4 is represented the 
condition when the explosion takes place at an opening E’ which is not 
in the normal drawn from the spark gap to the center of the photographic 
plate. O’ is a fixed point and thus the angle j (O’LO) is constant. Point 
Q and consequently the angle i (QLO) varies with different explosives. 
The angle y is equal to the difference between j and it. By proportion 
and trigonometric substitution 


r=asecjsny. 


Since the first two members are constant the value of r depends directly 
upon the value of y. 

The time which has elapsed between the explosion at one opening and 
that at the next is represented by ¢=(rz—1,)/V and the rate of explosion 
is expressed by D/t=DV/(re—r:) where ¢ is time in seconds, rz; and 1 
are the respective radii of the sound spheres, D is distance between 
sources, and V is velocity of sound in air. 


RESULTS 


Data for lead styphnate are given in Table I. In a similar manner 
results were obtained for gunpowder and mercury fulminate. The 
average rate for three charges of gunpowder well packed in a cylindrical 
barrel 0.45 cm in diameter and 12.0 cm in length was 261 meters per 
second. That for three trials with mercury fulminate loose in a cham- 
ber 0.15 0.25 X 14.0 cm was 1205 meters per second. 

The author has been unable to find data on the rate of explosion of 
lead styphnate. The rates given for gunpowder vary from 200 to 300 


2 Wagstaff, Proc. Royal Soc. 105, 282 (March 1924) 
1? Marshall's Explosives, Vol. 2, p. 477 
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meters per second. Wagstaff found it to be 265 meters. Marshall’s 
‘Explosives’ gives the rate of detonation for a much jarger charge of 
mercury fulminate as 2200 meters per second. 


TABLE I 
Data for lead styphnate. 


Photograph c 


No. 9A 


8 

6 

3 

. 36 
54 ) 2 
5.0 83 

0 

4 


74 
3.68 4.94 


No. 9C 
6 


Mean value of r:—r; =4.72 cm. Resulting rate 369 meters per second. 
Constants used: a =131 cm; b=110.3 em; D=5 cm; V =34820 cm; temperature 27°C. 
Dimensions of charge, 0.11 X0.15 X 10.0 cm; condition, well packed. 

This research was done in the Physics Laboratory at Indiana Univer- 
sity during the year 1923-24 and the summer of 1924. The author wishes 
to express his thanks to Dr. A. L. Foley for his kind assistance, suggestions 
and advice throughout the progress of the work. 


FRANKLIN COLLEGE, 
FRANKLIN, INDIANA, 
December 22, 1924. 
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BOOK REVIEWS 


Introduction to Theoretical Physics, Vor. 1. By ArtHur Haas.—The first volume 
of this text is divided into two parts entitled “‘Mechanics” and “‘Theory of the Electro- 
magnetic Field and of Light.” While no other mathematical preparation than a knowl- 
edge of the elements of the calculus is demanded of the reader, Professor Haas succeeds 
in taking him much farther afield than do the authors of the majority of elementary 
text-books on theoretical physics. The necessary mathematical equipment is supplied 
gradually and only to the extent to which it is needed for the solution of the physical 
problem under consideration. Professor Haas has the happy faculty of developing 
mathematical details from physical and geometrical points of view without discouraging 
the student by presenting pages of formidable analysis. In this he is greatly aided by 
the adoption of vector notation. Perhaps the most commendable feature of the book 
is the detailed explanation of every step in the mathematical developments. Many 
authors are too prone to save space and effort by the phrases “‘it is clear,” “‘it is obvious’’ 
when to the reader “‘it”’ is altogether obscurc. Only too often the student, after hours 
of unavailing puzzlement over one of the steps which is so obvious in the mind of the 
author as to need no comment, closes in disgust the book he is attempting to follow. 
In the book under review, however, a very different attitude is manifest. The reader’s 
difficulties are foreseen and made clear to him as soon as he reaches them. As a result 
the text reads more like a novel than a mathematical treatise. 

The section on mechanics deals with the motion of particles, rigid and deformable 
bodies. The student is taken as far into general dynamical theory as Lagrange’s equa- 
tions and Hamilton’s principle. A chapter is devoted to the theory of vibration and 
wave motion and another to potential theory. The author does not hesitate to introduce 
the tensor notation in his treatment of rigid and deformable bodies. 

The opening chapter of the section on electromagnetism contains the mathematical 
formulation of the fundamental relationships of electrostatics, magnetostatics and 
electrodynamics. This is followed by a chapter on Maxwell's equations containing a 
discussion of electromagnetic mass. The remaining chapter is devoted to the electro- 
magnetic theory of light, including such topics as electromagnetic waves, coefficients of 
reflection and refraction, total reflection, optical behavior of metals, and the propagation 
of light in crystals. 

At the end of the volume are a summary and an index.—Pp. xiv+331, D. Van 
Nostrand Co., New York, 1925, $6.00. LeicGH PAGE. 


Applied Elasticity, By Joun Prescott.—As the title indicates, this volume is 
devoted to applications of the theory of elasticity; the problems chosen for treatment 
are selected from those that are met in engineering practice. In accordance with the 
purpose of the book, just enough of the physical basis of the theory of elasticity is given 
to enable the differential equations for isotropic bodies to be written. Hooke’s law is 
assumed to hold, so that the elastic properties of isotropic bodies may be described in 
terms of two independent elastic constants. 

The problems that are treated are those that are associated with thin and thick rods, 
spheres and cylinders, thin plates, and the vibrations of rotating discs. A final chapter 
considers the contact of elastic bodies. The theory of Bessel Functions, adequate for 
the purpose of the book, is given in an appendix. 

A particularly commendable feature of the book is the use that has been made of 
the principle of stationary energy for getting approximate solutions of problems of 
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equilibrium, as well as for the determination of frequencies of vibration. When compared 
with exact results obtained from the solution of the differential equations, the results 
obtained with the aid of this principle are in excellent agreement, and the readiness 
with which definite results may be obtained is such that the method deserves to be used 
more generally than it has been. 

One could wish for more experimental and numerical results in order to know how 
far the mathematical theory based upon Hooke’s law can be relied upon. But the 
volume is large enough as it is, and the author was undoubtedly justified in limiting 
himself to mathematical results. He has given an admirable presentation of most of the 
important problems that have so far been solved and has written a book which can be 
recommended without reserve as a text-book for use in teaching the subject.—Pp. 666. 
Longmans, Green & Co., London and New York, 1924. $8.00. E. P. ADAMs. 


Scientific Papers. By S. B. McLArEeN.—This volume serves as a memorial to 
Samuel Bruce McLaren who had already accomplished much, and gave every promise 
of becoming one of the leaders in mathematical physics, when the war broke out. He died 
at Abbeville on the 13th of, August, 1916, as a result of wounds received a few days 
before, in trying to save a store of bombs. 

McLaren’s scientific work falls naturally into three sections, of which the first is 
represented by his papers on the theory of radiation and of gravitation. The Adams 
prize, in the University of Cambridge, for an essay to be submitted in December 1912, 
had been divided between him and another writer. The substance of McLaren's essay 
was formed of papers on the theory of radiation that he had previously published in 
the Philosophical Magazine, and which he was revising and bringing together into a 
connected whole, when the war brought this work to an end. These papers are not 
reprinted in this volume; instead, Professor J. W. Nicholson contributes a very able 
abstract of their content with a useful commentary which helps in understanding 
McLaren's order of ideas. One could wish that it had been found feasible to republish 
the papers as well, although they are readily accessible. 

In reading these papers, it must be remembered that they were written before Bohr 
published his theory of spectral lines and at a time when there still seemed hope that 
the principles of classical dynamics would prove to be sufficient in accounting for the 
emission and absorption of radiation as well as for its propagation. Therefore in his 
first paper, represented in this volume, McLaren attempts to bring radiation into the 
general scheme of Hamilton's equations in order to see whether by this means the 
theorem of the equipartition of energy may be modified in such a way as to lead to a 
result analogous to Planck's formula. Although McLaren soon came to the conclusion 
that some new principles, in addition to those of classical dynamics, were required, 
nevertheless his papers have a permanent value in the originality of his mode of attack 
and the analysis he employed. The same is true of his theory of gravitation—the final 
paper of this section. According to his view matter is a sink into which ether flows and 
is destroyed, the momentum of the destroyed ether being the origin of gravitation. 
His analysis requires the concept of a real four-dimensional universe, but otherwise 
he attempts to develop a thoroughly mechanical theory of gravitation. While for the 
present his theory is superseded by that of Einstein, it is quite conceivable that scientific 
thinking, in its cycle, will sometime make use of ideas whose germ is to be found here. 

Section II of the volume, entitled ‘Electromagnetic Theory” is edited by Professor 
H. R. Hassé. Shortly after the appearance of Bohr’s first paper on the structure of 
atoms, McLaren, in a brief note, called attention to the fact that the unit of angular 
momentum postulated by Bohr, n/2zx, actually exists in the magneton. A magneton, 
in his view, is the inner limiting surface of the ether, formed like an anchor-ring. He 
stated, without proof, that if NV, is the sum of the tubes of electric induction that termin- 
ate on its surface, and N,, the tubes of magnetic induction that are linked with the 
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magneton, then the angular momentum of the magneton is, in electromagnetic units, 
N.N»/2x. Identifying this with Bohr’s unit of angular momentum we get N.N,,=n. 
A proof of this statement was later given by Professor H. S. Allen, who has also, in a 
number of recent papers, discussed a magnetic interpretation of the quantum theory 
based upon McLaren's ideas and making use of the reality of the Faraday tubes of 
magnetic induction. The possibilities of such an interpretation do not seem to be 
exhausted yet. From manuscripts left by McLaren, Professor Hassé has edited for this 
volume two papers, one on ‘‘A Theory of Magnets” in which McLaren's own proof of 
his result for the angular momentum of a magneton is given, and the other on the 
“Mathematical Theory of the Magneton.”’ It appears that McLaren had in mind the 
development of an electromagnetic vortex theory of matter, but what the result of his 
investigations would have been will never be known. 

The final section of the volume is edited by Professor T. H. Havelock ard includes 
part of an unfinished manuscript left by McLaren on ‘The Propagation of an Arbitrary 
Disturbance in a Dispersive Medium.” 

The publication of this volume is a reminder of the loss suffered in the death of 
McLaren; and a great deal of gratitude is due his friends who have brought together so 
much of his work. Sir Joseph Larmor contributes the preface to the volume and there is 
a delightful appreciation of McLaren, the man, by Professor Hugh Walker.—Pp. vi+1i2, 
Cambridge University Press, 1925. 8/6. E. P. ADAMs. 


Physik in graphishen Darstellungen. By E. Aversacn. Second Edition.—This 
book consists of atout a thousand drawings, reproduced by the offset [thographic 
process; there is no text e: cept the preface, a fair index, and a few pages of scant descrip- 
tive footnotes. Many of the Crawings are curves relating one physical variable to another, 
but there are others of all varieties: mappings of fields and stream lines, deformations of 
elastic bodies, Lissajous figures, diagrams to illustrate crystal optics and geometrical 
optics, magnetic maps of the earth, phase-diagrams of alloys, graphs representing the 
variation of particular physical properties from one substance to another, and many 
others. It is difficult to guess what sort of “reader” it will best please. The beginner will 
find most of it unintelligible without ampler description than the notes afford. The 
experienced physicist will find much interest in turning the leaves for half an hour, but 
I do not know how often he would be likely to consult it thereafter. One physicist tells 
me that he has found valuable suggestions in interpreting curves of his own data by 
looking for similarly-shaped curves in the first edition. Perhaps students will find it 
useful to imprint facts on the memory through the eye. 

Detailed examination of its treatment of a few topics does not leave a very favorable 
impression. Thermionics is illustrated by one diagram; photo-electric effect ostensibly 
by seven, but of these seven, two relate to the change in conductivity produced by 
illumination (of which there is not the least hint in the text, so that the beginner would 
think that the photo-effect had a lag exceeding 15 minutes), one illustrates nothing but 
the flow of electrons through gases, one is incomprehensible. The diagrams illustrating 
vowel and consonant analysis are from work of Auerbach in 1876 (!) and of Hermann 
before 1902, and many others are obviously antiquated. The “already very certain mean 
value” given for the Avogadro number is 3% too high.—Pp. xii+286, B. G. Teubner 
Leipzig, 1925. Kart K. Darrow. 
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PROCEEDINGS 


OF THE 


AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE WASHINGTON MEETING, APRIL 24 AND 25, 1925 


The 133rd regular meeting of the American Physical Society was held 
at the Bureau of Standards, Washington, D. C., on April 24 and 25, 
1925. Six general sessions for the presentation of papers were held, 
parallel sessions being held on Friday afternoon and Saturday morning. 
The presiding officers were Professor D. C. Miller, President of the 
Society, and Professor K. T. Compton, Vice-President. The average 
attendance was 250. 

On Friday evening, the Society held an informal dinner at the Hotel 
Raleigh, attended by 116 members and guests. 

At the regular meeting of the Council, held on April 24, two were 
elected to Fellowship, six were transferred from Membership to Fellow- 
ship and twenty-seven were elected to membership. Elected to Fellowship: 
P. Debye and Charles Sheard. Transferred from Membership to Fellow- 
ship: Ernest F. Barker, Charles F. Meyer, Robert S. Mulliken, H. H. 
Plaskett, H. D. Smyth, John Q. Stewart. Elected to Membership: Donald 
Hatch Andrews, Jesse W. Beams, Jr., Harry A. Bell, Clarence E. Bennett, 
A. Keith Brewer, Robert S. Bolan, Frederick Lyons Brown, Annie 
Cloyd, Samuel Cohen, David L. Cook, Perry O. Crawford, John H. 
Daugherty, Jr.. Homer W. Dudley, James A. Duncan, Paul Beecher 
Flanders, Lawrence E. Gurney, Roscoe E. Harris, Arthur C. Keller, 
C. J. Lynde, Warren P. Mason, Arles F. Melcher, Edward L. Norton, 
John D. Shea, M. F. Skinker, L. B. Snoddy, Rufus H. Snyder, James 
Stephen Stokes. 

The abstracts of the papers presented in the program of the Physical 
Society are given in the following pages. Numbers 6, 8, 10, 11, 12, 15, 
17, 18, 21, 32, 34, 43, 47, 48, 49, 50, 54, 61, 68, 70, 72 and 76 were read 
by title. An Author Index will be found at the end. 


HAROLD W. WEBB, Secretary. 
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ABSTRACTS OF PAPERS 


1. Quantum theory of the intensity of the modified band in the Compton effect. 
G. E. M. Jauncey, Washington University.—The theory of a previous paper (Phys. 
Rev., 25, 314, 1925) is extended to the scattering of x-rays by electrons in elliptic orbits, 
in which case the intensity (energy per unit wave-length width) near the center of the 
modified band is much greater than near the edges of the band. The theory indicates 
that, when the band produced by scattering by a certain type (K, L, M) of electrons 
begins at a wave-length change A¢*/(A, — Ao), an unmodified line is also present. When all 
the electrons in an atom are operative in the scattering process the modified band is a 
composite of the modified bands due to each respective type of electron. The intensity 
at the part of this composite band corresponding to the Compton change of wave-length 
h vers ¢/mc is compared with the intensity of the unmodified line, assuming a certain 
resolving power of the spectrometer. The theory shows that this relative intensity in- 
creases with increasing scattering angle, decreases with increasing atomic weight of the 
scatterer, and decreases with increasing wave-length of the primary rays. For light scat- 
tered by paraffin the relative intensity of the modified band is zero. The theory thus 
qualitatively explains the effects observed by Compton, Ross and Duane. 


2. Anapplication of certain quantum laws to the analysis of crystals. Wu£ILLIA™ 
DvuANE, Harvard University.—To explain diffraction phenomena the author proposed 
the theory that radiation momentum is transferred to the diffracting matter in quanta; 
and according to a further development of the idea by Epstein and Ehrenfest the in- 
tensity (probability) in a given direction is proportional to the square of the coefficient 
A of that term in the Fourier’s Series, representing the density of the matter, which 
corresponds to the number of quanta transferred (Proc. Nat. Acad. Sci., May, 1923; 
April, 1924). If we reverse the line of thought and attempt to deduce the distribution 
of the diffracting matter (electrons in a crystal) from the measured intensities of reflec- 
tions by adding together the corresponding Fourier terms, we find that these intensities 
do not determine the phase angles 8. The symmetry of the crystal fixes the values of 
many, sometimes of all the 4's and often indicates that certain A's equal each other, but, 
in general, leaves the algebraic signs of the A’s undetermined. Thus a large number of 
different distributions of matter conform to the same symmetry conditions and produce 
the same diffracted rays. Often other facts (position of origin, number of electrons near 
a point, etc.) will determine the signs. 


3. The application of Fourier’s series to crystal analysis. RK. J. HAavicuurst’ 
National Research Fellow, Harvard University (introduced by William Duane).—This 
paper describes an application of the quantum theory (Duane, Proc. Nat. Acad.-Sci. 9, 
159, 1923) and the correspondence principle (Epstein and Ehrenfest, Proc. Nat. Acad. 
Sci. 10, 133, 1924) to the problem of electron distribution in crystals. The relative re- 
flecting powers of the crystal planes of certain salts are obtained from x-ray measure- 
ments by the powdered crystal method. The square roots of these relative reflecting 
powers are used as coefficients in a Fourier’s series (Epstein and Ehrenfest, loc. cit.). 
The distribution of electron density is obtained for different directions through the 
crystal, and comparisons are made between different salts of the same general structure. 


4. Refraction of x-rays by a prism of copper. BerGen Davis and C. M. Stack, 
Columbia University.—A measurement of the refraction of x-rays by a glass prism, 
using the photographic method, was recently reported by Larrson, Siegbahn and Waller 
(Phys. Rev., 25, 235, 1925). The present experiments were made by means of an ioniza- 
tion spectrometer. The radiation was the copper Kf and Ka lines. The angle of the 
copper prism was 63°. The results for the Ke refraction agree fairly well with the Lorentz 
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dispersion formula. The K8 frequency lies so near the copper absorption limit that the 
Lorentz unmodified formula leads to a negative value of 5. A positive value of 6, however, 
was found. The two positive values of 5 for the Ka and K@ lines were such as to indicate 
resonant absorption as the applied frequency approaches the critical frequency. The 
indications are that the branches of the dispersion curves are rounded off and do not 
approach infinity. The behavior is probably similar to the dispersion in the case of 
ordinary light near a critical resonance frequency. 


5. On the index of refraction of x-rays and deviations from Bragg’s law. F. C. 
BLAKE, Ohio State University.—At the Ann Arbor meeting of the American Physical 
Society it was shown that in order properly to correct for penetration into the sample 
in using the powder method of x-ray analysis there was needed but a single correction 
in case the rays were rendered monochromatic by filtering. This correction is a function 
of the depth of the effective plane with respect to the center of the sample and also of 
the glancing angle. When the penetration correction is applied all the reflecting planes 
of a crystal lead to the same space lattice and there is no discrepancy in Bragg’s law for 
the different orders of reflection. If the penetration correction is not made and the 
apparent deviations in Bragg’s law be interpreted as due to an index of refraction one 
is led to the absurdity that the sign of the deviation from unity for the index varies with 
the thickness of the sample. Various illustrations are given in support of these state- 
ments. 


6. New x-ray lines in certain rare earth samples. C. J. Lapp, R. A. RoGERs, 
State University of lowa, and B. S. Hopkins, University of Illinois.—The Bureau of 
Standards’ scientific paper No. 442 reports about 130 lines in the arc spectra of certain 
samples of neodymium and samarium that cannot be definitely assigned to any known 


element. The x-ray region from 1.240A to 2.800A has been carefully examined using the 
same samples mentioned above. The following lines have been found which cannot be 
assigned to any known elements: 1.6927, strong; 1.5878 very strong (almost as strong 
as Cu La); 1.5486, fair; 1.4051, weak; 1.3753, weak; 1.3604, fair; 1.3441, weak; 1.2487, 
strong. These measurements were made using the copper and iron K series and the 
tungsten L series lines as reference lines. Work is now under way to photograph the K 
series of these samples. 


7. The separation and relative intensity of the components of the K@ line in the 
x-ray spectrum of molybdenum. SAMvEt K. ALLISON (National Research Fellow) and 
Avice H. ARMsTRONG, Harvard University.—In 1920 M. de Broglie obtained photo- 
graphic evidence of the doublet nature of the K8 line in W and Rh and Duane and Patter- 
son found evidence of a weaker component of the K@ line in the Mo spectrum. Using a 
new precision ionization spectrometer and slits limiting the angular width of the beam 
to about 2 minutes, we have obtained a separation of the components which is almost 
complete in the 5th order from calcite. An average of several determinations gives 
AA = .000566 + .000014 A or AA/A =.09 percent. The doublet is a so-cailed “relativity” 
doublet, the transitions involved being 8; = K —My11, 8s: = K—My. The separation can 
therefore be calculated from the wave-lengths of the L8; and L#, lines of Mo. This gives 
Ad = .000564 A. The relative intensity of the shorter wave-length component to the 
longer is 2 to 1 within experimental error. The relative intensities of the 83 and 8; lines 
are functions of the probabilities of the transitions Mj; —K, Mi1r—K. The observed 
intensity ratio agrees with recent theoretical predictions. 


8. The separation of Zr and Hf. DorotrHy HALL DropHy and WHEELER P. 
Davey, General Electric Company.—Filters of zirconium compounds are widely used 
to screen out the beta and gamma lines of the Mo K spectrum. Their efficiency is lowered 
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by the presence of impurities, especially those of higher atomic weight. A chemical 
method of purification of zirconium is therefore extremely important. It has been found 
by one of us that, contrary to what might have been expected from the literature, 
zirconium citrate is relatively insoluble in pure water, while hafnium citrate is quite 
soluble. Zirconium citrate is also soluble in ammonium hydroxide or in an excess of 
citric acid. By adding a limited amount of an aqueous solution of citric acid to a solution 
of crude zirconium nitrate, a precipitate of pure zirconium citrate is obtained which was 
identified by its x-ray absorption spectrum. X-ray absorption spectra of the water- 
soluble citrate showed the presence of hafnium. The conditions of the separation are 
such that although the precipitate is free from hafnium the soluble portion contains 
some zirconium. 


9. Soft x-rays from cobalt, nickel, and copper. CHARLES H. Tuomas, Princeton 
University.—The method for the photo-electric determination of critical radiating 
potentials as previously reported (Phys. Rev.,25, 319, 1925) was used to find the critical 
radiating potentials of Ni, Co, and Cu. Between 0-1500 volts 47 critical potentials were 
found for Ni, 48 for Co, and a further study on iron brought the number to 45. These 
potentials show a shift upward with increasing atomic number. The agreement of the 
position of the breaks for Ni, Co, and Fe is especially good for the nine breaks which 
resemble ionization potentials. A study of part of the region 1-1500 volts for Cu gave 
the breaks of the L-series in agreement with the other metals but in the region 0-90 volts 
in which 21 breaks were found there is no regular agreement between the position of the 
breaks for Cu and those of the other metals for the corresponding region for which Ni 
shows 19 breaks. Potentials were found which correspond to the following L-series 
lines: for Fe, Ly at 818.5, Laz at 704.3; for Co, Ly at 873.2, Lyy1 at 764.8; for N: Ly at 
948, Ly at 833.4; and for Cu, Ly at 1017 and Ly at 929 volts. These potentials agree 
well with predicted values. Five volts have been added to each potential to compensate 
for the “work function.” 


10. Soft x-rays from metals. C. T. Cuu, University of Pennsylvania.—An ex- 
tension of the work of Bazzoni and Chu, carried out with quartz apparatus. The 
specimens were cleaned up by bombardment from an auxiliary filament to avoid foreign 
sputtering of the areas from which radiation was stimulated. The solid angle subtended 
by the photo-electric disk (nickel) connected to the electrometer was kept small to 
facilitate shielding and to reduce stray effects. Very small bombarding currents were 
used so as to reduce space charge and associated troubles. The desired sensitivity was 
obtained by using a quadrant electrometer with a sensitivity of 800 divisions per volt. 
With these arrangements the photo-electric current vs. bombarding voltage curves 
show each a small number of definite breaks. The metals examined in this series of 
experiments have been nickel (critical points 45, 75, 98 volts), iron (52, 68, 80 volts) 
copper (30, 49, 62, 79, 90 volts) selenium (no definite results below 120 volts). The 
values quoted are the uncorrected instrumental readings. The significance of these 
critical potentials for radiation excitation and the corrections to be made to the readings 
are considered, 


11. Soft x-rays and secondary electrons. E.L. Rost, Norman Bridge Laboratory 
of Physics.—Electrons of 200 v. velocity strike a target producing secondary electrons 
and soft x-rays. These are projected through a grid, to which a retarding potential is 
applied, against the radiator. The tertiary electrons produced are analyzed by means of 
slit, magnetic field, and photographic plate. This work, reported by Becker, has been 
continued and the main experimental results verified. The line reported at the 200 v. 
limit has been checked with retarding potentials up to 200 v., but its disappearance 
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when this potential is increased to 250 v. indicates that the interpretation that it is due 
to homogeneous soft x-rays is in error, and we must fall back on double reflection of 
electrons without loss of energy. A continuous spectrum of soft x-rays has been proven 
to exist by the same plates. The voltage range has not yet been extended far enough to 
indicate the existence or absence of any anomalies. 


12. X-ray radiation from hot sparks. AtLnert BsorKEsON, Norman Bridge Labora- 
tory of Physics.—The x-ray radiation from “hot sparks” has been analyzed with a vacu- 
um-spectrograph of Siegbahn's type, using gypsum as crystal. The results show all the 
characteristic lines for the elements used as electrodes. Special experiments showed 
that to a very great extent these x-rays are radiated from the solid electrodes rather 
than from the vapors in the spark itself. 


13. Mechanical aspects of the Bohr atom. F. S. Brackett and L. B. SNnoppy, 
University of California.—Orbital dimensions obtained by the method developed by 
Hartree together with the structural data from the field of x-rays and crystal structure 
furnish information in regard to the number of free electrons. This forms the basis for 
computation of the relative conductivities of metals. The substantial agreement of these 
with the experimental values supports the view that the Bohr atom may be regarded as 
a mechanical picture. The solution obtained for the copper atom supports Bohr’s 
assignment of quantum designation. “‘Broken series” are to be expected in the cases of 
those associated with the p terms instead of the d terms as proposed by Wentzel. The d 
terms and part of the p terms are shown to be hydrogenic and so do not fall under the 
law of proportionality between quantum defect and the number of orbital groups estab- 
lished for the penetrating orbits. 


14. On the origin of spectral doublets. WutL1am V. Houston, Ohio State Univer- 
3ity.—If it is assumed that the two terms of a spectral doublet are due to two opposite 
positions of the orbit of the series electron, the doublet separation is then due to the 
magnetic field of the series electron, and is expressed by the same function as the rela- 
tivity separation, except that the effective nuclear charge appears to the third power 
instead of the fourth power. The data of Bowen and Millikan on the stripped atoms from 
lithium to nitrogen fits the relativity law very well. Their data on the elements from 
sodium to chlorine is shown to fit a third power law much better, and with a third 
power law to give shielding constants which are more compatible with the known term 
values. With increasing atomic number the power of the effective nuclear charge, with 
which the doublet separation seems to vary, decreases until with silver and cadmium it 
is between the first and second power. The d doublet separations are expressed as well 
by the magnetic law as by the relativity law. It can be concluded that optical doublets 
are not due to relativity, but that the magnetic and other interactions of the electrons 
must be taken into account. 


15. Relations of pp’ groups in atoms of the same electronic structure. I. S. 
BoweN and R. A. MILLIKAN, Norman Bridge Laboratory of Physics.—A so-called 
pp’ spectral group consisting of a quintuplet of nearly equally spaced lines has hereto- 
fore been found in Ca, Ba, Sr, Mg, Alyy and Be. We have found this characteristic 
structure in all the two-valence electron systems which we have studied by the method of 
hot-spark spectroscopy, namely in the two-valence electron series Mgr, Alz1, Sirrt, Prv, 
Sy, Cly1, and in the other two-valence electron series Bez, Byy, Cr11, Nrvy, Oy. In both 
of these series this pp’ group has been definitely shown to arise from an electron jump 
from the lowest p to the lowest s orbit, combined with a simultaneous jump between 
the pi, p2, ps orbits. We have discovered a new quadruplet pp’ group characteristic 
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of all three-valence electron systems, and have located it in all the members of the three- 
valence electron series, Aly, Siz1, Py, Sry, Cly, and the further three-valence electron 
series Cyz, Nr11, Ory. This quadruplet pp’ group has been proved to be due to the return 
of one of the s electrons after it has been displaced to a p position combined with the 
simultaneous interchange of the p electron between the £1, p: orbits. 


16. Double electron transitions and primed spectral terms. Arruur E. Rvuark, 
Bureau of Standards.—This research ariswers two questions in the affirmative: (1) Can 
an impacting electron ionize an atom and raise the valence electron of the ion to a higher 
orbit? (2) Can two electrons of an atom be raised to higher orbits by a single inelastic 
collision? Spectra of low voltage arcs in cadmium and magnesium were obtained at 
current densities less than 0.5 milliampere per square centimeter. At such densities 
magnesium spectra show no lines produced by phenomena of successive excitation. The 
pp’ group (2776 to 2783 A) appears at its quantum voltage, as do also the lines of the 
spark spectrum, without regard to the nature of their classification; the sole condition 
for their appearance is that the impacting electron shall have sufficient energy. A number 
of Cd lines, including the pp’ group, were classified, together with several lines of neutral 
indium and thallium which involve primed spectral terms. 


17. Excitation of the hydrogen spectrum by electron impact. P. Lower, Queen's 
University (introduced by A. Ll. Hughes).—The variation of the intensity of hydrogen 
spectrum lines excited by electron impact in a three-electrode tube was studied as a 
function of the pressure of the gas, and also of the density of the electron current. It was 
found that with an accelerating potential of 70 volts the intensity of both the Balmer 
series and the secondary spectrum was directly proportional to the pressure. At 35 volts 
there is a slight deviation from the linear relation, the intensity of the series lines and 
most of the secondary, \4934, 4634, 4557, 4205, etc., increasing slightly more rapidly 
than the pressure. The main red secondary band lines \6327, 6225, 6122, 6018 still 
maintain the direct proportionality. At 25 volts tnis effect was slightly increased with 
respect to the series and blue secondary lines. The conclusion is that the greater part 
of the radiation is due to direct electron impacts but that at low voltages of impact 
a small amount may be caused by secondary effects. The experiments on variation with 
electron current showed that all spectrum lines varied in intensity directly as the current 


18. The successive stimulation of the arc lines of helium below the ionization point. 
C. B. Bazzoni and J. T. Lay, University of Pennsylvania.—An extension of the work 
reported on at the Washington meeting, April 1924, carried out with an equipotential 
cathode. The voltages necessary for the stimulation of the series lines were calculated 
using the term value corresponding to an ionization point of 24.5 volts as the energy 
level of the normal atom. Photographs show a complete concordance of experiment 
with calculation to better than 1/10 volt. The voltmeter correction was found from 
ionization point curves taking 24.5 as the correct value. The spectrometer settings 
ranged from 5000A to 3000A only. At 22.9 volts the spectrum consists of the single 
line 3889 (calculated 22.9 volts) of the coplanar principal series, m==2. At 23.5 volts 
three lines are found: 5016 (23.00), 4713 (23.51) and 3889. At 23.9 volts nine lines occur: 
5048 (23.56), 5016, 4922 (23.65), 4713, 4472, (23.65), 4121 (23.88), 3965 (23.65), 3889 
and 3188 (23.62 volts). At 25 volts the full spectrum is obtained. The lines extinguish 
sharply in succession when viewed visually. The voltage for the disappearance of 
5048, for instance, leaving the adjacent line 5016, furnishes a good method for estab- 
lishing apparatus corrections if the calculated value is accepted as correct. These results 
confirm the early observations of Rau and of Richardson and Bazzoni and the recent 
publications of G. Hertz. 
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19. The relative times of first appearance of certain bright spectrum lines. F. L. 
Brown and J. W. Beams, JR., University of Virginia (introduced by L. G. Hoxton).— 
The spark in air was studied. The nitrogen group of air lines 5002 appeared first, then 
the 5667-80 group, followed by metallic lines in sequences as follows: For Cd the spark 
doublet 5378,38 appeared first, followed by the sharp arc triplet 5086,4800,4678; finally 
the diffuse singlet arc line 6438. For Mg, first the spark doublet 4481, then the sharp 
arc triplet 5184,72,67. For Zn, first the spark doublet 4924,12, then the sharp arc 
triplet 4811,4722, 4680, next the diffuse spark lines 6103,6022, finally the diffuse arc 
singlet 6362. A preliminary quantitative determination of the time interval indicates 
that the Cd spark doublet lines appear about 3 X 10~* second before the Cd sharp triplet 
arc lines. The apparatus is a modified form of that used by Abraham and Lemoine and 
others for measuring short time intervals. 


20. The spectrum of neon in the extreme ultra-violet. T. Lyman and F. A. 
SaunpDERS, Harvard University.—The known ionization potential of neon, 21.5 volts, 
indicates that there should be series of lines converging to a limit about A575. Photo- 
graphs of the spectrum of moderately excited neon below \1250 show a pair of lines of 
very great strength, whose frequency difference is that of Paschen’s terms 5, and 5 
Other lines occur whose frequencies show that they are combinations with d terms, in- 
dicating that the fundamental level is a » term, and of inner quantum number 0, in 
Landé’s scheme. The lines found are the combinations of this 1p term with the following 
terms: 1s,at \743.78; 1s, at 735.95; 2s, at 629.80; 2s, at 626.79; 3d, and 3d, (not resolved) 
at 618.92; 3s’; at 615.62; 3s, at 602.78; 3s, at 600.08; 4d, and 4d, (not resolved) at 598.88; 
4s’, at 595.92; 4s, at 591.85 and 5d; and 5ds (not resolved) at 589.91. These series appear 
to converge to two different limits, whose frequencies are near 173918 and 174699, 
corresponding to ionization potentials of 21.466 and 21.562 volts. The argon spectrum 
seems to have a similar structure, and comparison between these two has facilitated the 


elimination of lines due to unknown impurities. Both Ne and A give complex spectra in 
disruptive discharges, extending at least to \350 and 380 respectively. 


21. Ultra-violet arc lines of iodine. Rosert S. MULLIKEN and Louis A. TuRNER. 
National Research Fellows, Harvard University.—Ludlam and West (Proc. Roy. Soc. 
Edinburgh, 44, II, p. 185, 1923-24) found that four strong lines of short wave-length 
were produced by mild electrical excitation of iodine vapor. They included the 2062.25 
line studied by F tichtbauer, Waibel, and Holm (Zeits. f. Phys., 29, 367, 1924 and 31, 
523, 1925) and three others whose wave-lengths in vacuum we have found to be 1876.40, 
1844.39, and 1830.32 (+0.03)A. We have produced these lines strongly by introducing 
into active nitrogen either iodine vapor or the vapor of a metallic iodide, and by intro- 
ducing metallic iodides into a carbon arc. The 2062 line caused the greatest blackening 
of the oiled plate i in all cases but the true relative intensities can not be judged because 
of the increasing absorption at the shorter wave-lengths by the air ‘the quartz of 
the spectrograph. The relative intensities of the three lines of shorter wave-length varied 
under different conditions in a way not yet understood, the one of shortest wave-length 
being the most intense under some conditions. The lines are all sharp. The conditions 
for their excitation suggest that they are all arc lines involving transitions to low energy 
levels of the iodine atom. | 


22. Term regularities in the arc spectrum of tungsten. Otto Laporte, Research 
Fellow Bureau of Standards (introduced by W. F. Meggers).—Various investigators 
having studied the elements of the first and second long period and confirmed Sommer- 
feld’s and Landé’s laws for the multiplets, it seemed to be desirable to extend the investi- 
gation to the heavier elements. The element tungsten (Z = 74) was chosen since it is in 
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the same column as 24 Cr and 42 Mo, which are of a rather simple spectral type as shown 
by Kiess and by Catalan. While Cr and Mo have as lowest term a septet s-term and 
nearby S- and D-term= of the quintet system, in tungsten the lowest is the D-term with 
the s-term lying between its levels. The separations of the D-term are 1670.25; 1655.25; 
1504.50; 1389.30 (in Mo resp. 177; 312; 404; 488; in Cr 60; 117; 168; 212). The interval 
rule is not fulfilled. Although the identification of these lower terms is unambiguous as 
to their quantum numbers and g-values, it was not possible to ascribe azimuthal quan- 
tum numbers to all the numerous higher levels combining with s and D, and to arrange 
the levels in polyfold terms, because of the very large separations, the failure of the in- 
terval rule and of Landé’s g-formula. The analysis in its present state classifies about 
200 W-lines as combinations of the s and D-terms with higher levels. 


23. The excited states of the Cul molecule, and the band spectra of ¢rtain salts. 
Rosert S. MULLIKEN, Harvard University.—The Cul spectrum is now found to consist 
of five systems of bands. Each corresponds to a transition to the normal state from one 
of five excited electronic states, corresponding respectively to energies of 2.44, 2.68, 2.70, 
2.83, and 2.96 volts. Similar relations probably hold in CuBr and CuCl. It is likely 
that the excited electron belongs to the Cut ion; its easy excitation can then be corre- 
lated with the existence of bivalent copper compounds like Cu** Cl-;. This is in har- 
mony with the complete absence of electronic band spectra in the case of the alkali (and 
hydrogen) halides, whose positive ions M* contain no easily excited electron and never 
are bivalent ; and notably also with the absence of silver halide band spectra, silver being 
closely related to copper, but differing in the non-occurrence of bivalent compounds. 
Attempted excitation of an electron in the negative ion in these compounds presumably 
leads to break-up of the molecule. Since the Me** ion in Me**X~,, like the M* ion in 
the alkali halides, contains no loosely bound electron, the familiar band spectra of the 
alkaline earth halides should, by analogy, not be due to MeX; molecules. Instead they 
may be ascribed to diatomic compounds Me*+X~ containing one unused loosely bound 
valence electron. 


24. The spectrum of lithium hydride. Wiu.tiAm W. Watson, University of 
Chicago.—A lithium arc in a hydrogen atmosphere at reduced pressure was used to 
excite a spectrum, extending from 5000 down to about \3200, which is in part un- 
doubtedly due to the LiH molecule. This spectrum is of a complex character and re- 

sembles the secondary hydrogen spectrum in that there are no apparent band heads. ~ 
Partial bands have been found which indicate that the moment of inertia of the LiH 

molecule is about 6 x 10- gm cm.* It is shown that the relative sizes of this and other 

molecules as determined by band spectra measurements are in accord with relative 

molecular and atomic radii computed by other methods. 


25. The band spectrum of magnesium hydride. Wuiiam W. Watson and 
Pup Rupnick, University of Chicago.—The band system of magnesium hydride with 
principal heads at \A 5622, 5211, and 4845 has been photographed at high dispersion. 
P, Q, and R branches of the narrow doublet character are found in which systematic 
departures from the combination principle appear. The presence of bands attributable 
to the two less abundant isotopes of magnesium has been established. Both the computed 
moment of inertia of the molecule and the magnitude of the isotope displacerggnts are 
in agreement with the hypothesis of a dipole carrier, probably MgH. 


26. The excitation of the ultra-violet band of ammonia. C. T. Kwet, Princeton 
University.—Storch and Olson found that in a simple two electrode tube with a hot 
filament as cathode, NH: was formed only when the are struck in a mixture of hydrogen 
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and nitrogen (Jour. Am. Chem. Soc., 45, 1605, 1923). A similar apparatus with some 
modification was employed by the writer with the purpose of correlating the current 
voltage characteristics with spectroscopic observations. Two distinct breaks were found 
in the curve for a mixture of hydrogen and nitrogen, with the former very much in 
excess. Photographs of the spectrum taken through a quartz window attached to the 
side of the tube, showed that the so-called ultraviolet band of ammonia at about 2360 
came out distinctly only after the second break and was invisible before the second break, 
which is at 22.5 volts. It.is assumed that NH; is formed in increased amounts, owing 
probably to the presence of atomic nitrogen, at this potential. This is supported by the 
fact that the moment of inertia calculated from the relation Avy=h/42*J based upon 
Fowler’s measurement of the band (Phil. Trans. A. 218, 351, 1919) indicated that the 
radiating molecule could not contain more than one atom of nitrogen. The critical 
potential at 22.5 volts is roughly in agreement with the 24 volts potential observed by 
Smyth (Proc. Roy. Soc. 104, 121, 1923) and the 25.4 potential observed by Bazzoni and 
Waldie (Jour. Frank. Inst. 197, 57, 1924). 


27. Analysis of the ‘‘Comet tail’ bands. C. M. BLacksuRN, University of Chi- 
cago (introduced by Harvey B. Lemon).—The interesting bands first noticed in the tails 
of certain comets and later produced in the laboratory by Fowler and ascribed by him to 
low pressure CO have been obtained with sufficient intensity to allow of their photog- 
raphy under high dispersion by the method of excitation recently developed by Lemon. 
Of the eleven bands assigned to the system, nine have been photographed in the first 
order of the 21-foot Rowland concave grating with times of exposure ranging from 20 
to 48 hours. The other two bands were too faint to be photographed with this dispersion. 
Each comet tail band consists in reality of two rather strong bands, separated about 125 
wave-numbers, each of which has a satellite band, usually poorly developed, about 15 
wave-numbers to the violet. The bands all degrade toward the red, and are particularly 
characterized by the absence of any Q branch. The rotation term is parabolic within 
the limits of experimental error. The final vibration term seems to correspond closely 
with that of the First Negative Deslandres’ System, thereby verifying the already 
established experimental connection between the two systems. 


28. Spectrum of the condensed spark in aqueous solution. E. ©. HUuLsurt, 
Naval Research Laboratory, Washington, D. C.—A visual examination in the visible 
spectrum and a photographic examination in the ultraviolet from 3200 A to 2400 A of 
the spectra of the condensed spark in dilute water solutions of metallic salts have been 
carried out. Dilute solutions, about 0.2 percent, of salts of Al, Sb, As, Ba, Bi, Br, Cd, 
Ca, Cr, Co, Cu, I, Fe, Pb, Li, Mg, Mn, Hg, Mo, Ni, K, Na, Sr, Sn, and Zn, were used. 
The D lines of sodium in the NaCl solution appeared as absorption lines, widening with 
concentration as they should according to the Stark quantum theory of broadening. 
No other prominent absorption lines were produced by the dissolved salt, although a 
number of weak absorption lines have not yet been identified. Further investigation is 
in progress and may modify these conclusions. Phosphor bronze and duralumin (a 
silicon aluminum alloy) served as spark electrodes, for these metals disintegrated slowly 
and produced few absorption lines. Incidentally, the use of duralumin electrodes has 
enabled the water spark spectrum of silicon to be observed; this has not been done before 
becauseof the rapid splintering of a pure silicon electrode. 


29. The depolarizing influence of a rapidly changing magnetic field on the resonance 
radiation. G. Breit and A. ELLett, Department of Terrestrial Magnetism, Carnegie 
Institution of Washington.—It has been shown by Wood and Ellett that the polarization 
of resonance radiation of mercury which is excited by linearly polarized 2537A radiation 
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becomes practically completely depolarized in suitably oriented steady fields of the order 
of 2 gauss. We have applied alternating fields of the same magnitude varying the 
frequency of the alternations, and we have found that the influence of the field becomes 
negligible when its frequency is 10’ cycles per second, while the influence is pronounced 
at a frequency of 5 X 10° cycles per second. This shows that the life of the excited atom 
is approximately 10’ seconds. The effect of collisions bet ween atoms has been eliminated 
by keeping the vapor at a sufficiently low pressure. These experiments furnish a means 


of finding how rapidly the quantization of an atom responds to the effect of a magnetic 
field. 


30. Low voltage arc oscillations in nitrogen and in mixtures of hydrogen and 
nitrogen. C. Eckart, C. T. Kwei and K. T. Compton.—With a two electrode dis- 
charge tube, consisting of a hot cathode and a nickel plate anode, oscillatiors were ob- 
served at low pressures in nitrogen which set in at or slightly above 17 volts with an 
amplitude of about two volts in the direction of lower voltage. When hydrogen was 
mixed with nitrogen with the latter slightly in excess, the oscillations again began to 
appear at the same voltage. When the maximum voltage dropped below 17 volts due 
to increasé of thermionic current, the oscillations stopped until the plate potential 
reached 16 volts at which point the tube current increased with a sudden jump (without 
oscillations). Oscillations came in again when the plate potential was raised to 17 volts, 
and their maximum reached 20 or 22.5 volts, depending upon the strength of the thermi- 
onic current. Oscillations could not be found in pure hydrogen. These results are to be 
considered as a correction to a paper by Eckart and Compton (Phys. Rev. 24, 97-122, 
1924) who reported failure to find oscillations of this type in hydrogen or nitrogen. 


31. The absorption of hydrogen in potassium vapor arcs. RoGers D. Rusk, 
University of Chicago.—Absorption of hydrogen by potassium vapor occurs in the 


presence of an electric arc, or in the presence of a hot filament, or by heat alone at 
suitable temperatures. Consideration of the absorption of hydrogen at 300° C due to heat 
alone indicates the marked tendency of potassium to combine with atomic hydrogen. 
In the arc, strong absorption is noted at 190° C and at potentials above sixteen volts, 
due to chemical combination of the potassium and hydrogen. Hence it appears that 
appreciable dissociation of hydrogen does not occur below sixteen volts. Previously 
observed traces of absorption below sixteen volts (Phys. Rev. 21, 720, 1923) are at- 
tributed to factors other than chemical action between the hydrogen and potassium. 
At suitable vapor densities of the potassium, the arc could be maintained as low as six 
volts. With mercury vapor present in the arc, absorption was noted at voltages below 
sixteen, due to dissociation of hydrogen by collision with excited mercury atoms. 


32. Electron impacts in HCl. O.S. Durrenpack and E. F. Barker, University 
of Michigan.—When a low voltage arc is maintained in HCI at pressures between .01 
and .2 mm with an incandescent tungsten cathode, dissociation in the arc is negligible 
compared with that due to the filament. This is determined by a study of the residual 
gases after exposure to the filament for some time and also by spectroscopic observations. 
With HCl flowing continuously through an equipotential impact chamber, no hydrogen 
lines appeared on long spectrographic exposures at accelerating potentials up to 60 volts. 
The gas flowed through the region of observation before coming in contact with the 
filament. The filament was in a compartment separated from the impact region by a 
fine platinum gauze window set into a sheet of molybdenum cut to fit the tube. This 
with continuous pumping effectively prevented backward diffusion of the gas. A critical 
potential was observed at about 14 volts which is attributed to ionization of the molecule 
without dissociation. No band spectra of wave-lengths greater than 2000A accompany 
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this excitation. Hence there are no electronic energy levels in the molecule lying closer 
together than 6 volts, and possibly the 14 volt transition occurs at a single step. 


33. Ionization of HCl. Henry A. Barton, Princeton University.—Electro- 
magnetic analysis was employed to determine the value of m/e for ions formed from 
HCl in the presence of a hot filament from which electrons were accelerated by a known 
field. Ions were formed having m/e values 1, 2 and approximately 36 and 72, times 
that of H*. These were H*, H,* and ions of one and two Cl atoms respectively, the 
latter probably combined with one or more H atoms. Only the hydrogen ions were 
formed below about .005 mm pressure (impacts of 30 volts) suggesting that the primary 
process of ionization in HCI results in dissociation rather than formation of (HCl)* 
ions. At high pressures (above .02 mm) practically all of the ions were of the two 
heavier types. This suggests that the H* ions are ‘used up” by attachment to the polar 
HCI molecules, forming HCl-H* ions, or perhaps may bind together two molecules, 
forming (HCl),-H* ions. Cl atoms or HCI molecules having a negative charge were also 
observed in large numbers. Experiments are being made to determine the precise 
composition and origin of all of these ions. 


34. Impact experiments in compound gases; ammonia. A. T. WALDiIE, University 
of Pennsylvania.—Compound gases, particularly ammonia, were studied in a tube where 
either thermions or photo-electrons could be used for bombardment. Both the hot 
filament and quartz mercury light were shown to dissociate ammonia. As previously 
reported for NO, critical potentials of compound gases vary with exposure to heat, 
radiation and catalyzers, the final points being those of the constituent left under the 
circumstances. Ammonia shows, for a hot filament, inelastic impact at 10.5 to 11 volts, 
ionization at 13 and 17.5 volts; with photo-electrons, ionization at 11 and 21 to 22 volts. 
These points are, for the filament, ascribed to hydrogen—the gas around the filament 
being mostly hydrogen due to dissociation and removal of the nitrogen by the filament. 
For photo-electrons the ionization is thought to be possibly that of atomic nitrogen, 
the removal of hydrogen by the nickel grids in ultraviolet light being demonstrated 
by the pressure reduction shown by a Shrader optical lever manometer. The experiments 
showed, among other things, that nickel in quartz mercury light will catalyze an oxida- 
tion of ammonia in the presence of traces of air analogous to the commercial oxidation 
of ammonia by heated platinum. 


35. The mobility of argon ionsin air. Henry A. Erikson, University of Minne- 
sota.—The ions were produced in argon by means of the a-rays from polonium and the 
argon containing the ions was passed in a thin sheet above a stream of air. By means 
of an electric field the ions pass from the thin sheet of argon through the stream of air 
to the plate where the current to a narrow strip is measured for different voltages. It 
is found that there is a negative argon ion and a positive argon ion which both have 
the same mobility as the initial positive air ion. It is furthermore found that there is 
a second positive argon ion which has the same mobility as the final positive air ion. 
On account of the limited supply of argon it was not possible to determine if the first 
positive ion transforms into the second, as in the case of the air ions. That this takes 
place is however quite certain. The author believes the first to be a positive argon atom 
and the second to be a complex formed by the union of the first with a neutral argon 
atom, 


36. The isolation of two positive bodies in thorium active deposit. HEnry A. Erik- 
SON, University of Minnesota.—About 200 gm of thorium nitrate were dissolved in 
water. A stream of air was passed through the solution and into a large container, 
carrying with it the thorium emanation. From the container the air and active deposit 
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formed passed in a thin sheet above a stream of air produced by a fan. By means of 
a field the active deposit ions passed from the thin sheet through the air stream and 
were deposited on a metal plate. The distribution on this plate was determined by 
placing it beneath an ionization chamber having a narrow opening in the bottom. When 
the distance along the plate was plotted against the current a curve having two maxima 
was obtained similar to that reported earlier in the case of the actinium active deposit. 
(Phys. Rev. 24, 622, 1924). There are therefore two positive active bodies in the thorium 
deposit; and the mobilities are the same as for the actinium active deposit. In the 
case of actinium it was suggested that the swifter of the two bodies was an atom of 
actinium A or B. As it has since been found that atomic argon ions have the same 
mobility in air as the initial air ion, this suggestion will not hold. It must be concluded 
therefore that the swifter of the two bodies carries a double charge. This point is under 
investigation. 


37. Scattering of electrons in ionized gases. [rvinG LANGMUIR, General Electric 
Co.—A homogeneous parallel beam of electrons is produced in ionized mercury vapor 
at low pressure by accelerating electrons from a hot cathode through a positive ion 
sheath. Measurements with a plane collector placed normally to the beam prove that 
with low current densities those electrons which have not collided with atoms move 
with constant velocity for paths of 6 cm or more. With higher current densities the 
electrons become scattered having a Maxwellian velocity distribution (temperature 7) 
superimposed on the translational velocity as if the beam of electrons becomes pro- 
gressively heated as it passes through the ionized gas, without suffering change in 
average momentum. The effect cannot be due to collisions of the second kind. It is 
qualitatively like a Compton effect but is more probably caused by accelerations pro- 
duced by the pulsating fields of excited atoms. The temperature T increases in pro- 
portion to the ionization and the length of path; it reaches a maximum at a vapor 
pressure of 1 bar and at electron velocities of 50 volts. With 0.03 ampere and 50 volts in 
vapor at 1 bar, 7 is about 20,000° when the electron path is 3 cm. Similar effects are 
observed with hydrogen and with argon. 


38. Theory of the magnetron taking into account the variation of mass with velocity. 
LeiGH PaGe, Yale University.—If the heating current is large, the magnetic field due 
to this current has an appreciable effect on the critical voltage for cut-off. The exact 
theory is developed, taking into account both the applied axial field and the concentric 
field due to the heating current. The exact theory begins to differ from the approximate 
theory, in which the mass of the electron is treated as constant, by an appreciable 
amount (2 percent) for a critical potential of 20,000 volts, the divergence being approx- 
imately proportional to the potential. 


39. On the kinetic theory of thermionic effect. N. P. RasHEvsKy, Westinghouse 
Elec. and Mfg. Co. (introduced by A. P. Wills).—Making different assumptions on the 
behaviour of electrons inside a solid body, statistical deductions of the expressions for 
the thermionic current are made in the corresponding cases. All the formulas obtained 
are of the type: i=AT*e~7, but differ by the values of the constants. The influence 
of the different assumptions on the value of a is investigated. The following results are 
obtained: (1) If the electrons inside the body behave like a perfect gas, a=}. This result 
holds whether the quantum theory is used or not. (2) If the electrons inside the body 
are arranged in space-lattices with the same dynamical properties as ordinary crystal- 
lattices, the classical treatment of the problem leads to a= —1. (3) If all electrons are 
moving in quantized orbits with the same quantum number and energy, a=2. It is 
shown both thermodynamically and statistically, that in general a =2 may be obtained 
as an approximation only by neglecting the specific heat of the inside electrons. Some 
recent experimental results are discussed. 
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40. The thermionic emission from substances containing iron and alkali metal. 
C. H. KuNsMAN, Fixed Nitrogen Research Laboratory.—The thermionic emission of 
certain substances consisting primarily of iron and alkali metal has been investigated. 
They have been found to be constant sources of positive and negative emission. The 
positive emission was identified as singly charged positive ions of the alkali metals. 
Both positive and negative emission followed Richardson's equation i=A T!¢%/*7, 
Values of ¢ were obtained from this equation for temperatures of 672° to 1110° Kelvin. 
Values of ¢+ for the positive charged K-ions vary from 2.04 to 3.41 volts, depending on 
the substance and its previous gas treatment. g— was determined as 4.00 volts for the 
electron emission for the case where ¢+ was 3.41 volts. 


41. Comparison of thermal electron emission from a pool of caesium and from 
adsorbed films. K.H. Kincpon, General Electric Company.—The emission from a 
pool of Cs freed as much as possible from occluded gas is about 5.5 X 10-8 amp./sq. cm 
at 450° K and 2.5X10-" at 500° K. At 475° K the presence of 6.016 mm pressure of 
hydrogen raised the emission about 3-fold, while the presence of 0.1 mm pressure of argon 
decreased the emission to about 70 percent of its value in vacuum. On account of the 
effects of adsorbed gas the slopes of the temperature characteristics cannot be used to 
determine the work-function. The table gives a comparison of emissions in amp./cm* 
from the pool of Cs and from adsorbed films of Cs. 

Source Temp. of bulb Emission at 600° K at 500° K 
Cs absorbed on oxygen 

film on tungsten —184° C 4.7 X10 (obs.) 1.8X10~ (extrapol.) 
Same + 100° C 15x10" “ 2.4X10°% vs 
Cs absorbed on tungsten + 80°C $.6xX107* * Saxier °° 
Pool of Cs 2x10-" (obs.) 


42. A mechanism for thermal electron emission. K.H.Kincpon, General Electric 
Co.—Let there be N atoms per cm? of surface, oscillating with the characteristic fre- 
quency » (as used in Einstein's specific heat theory). Further, suppose the amplitudes 
to be distributed according to Maxwell's law, and the average amplitude to be pro- 
portional to T+. Following Lindemann, take the average amplitude at the melting point 
T,, to be equal to the distance between atoms, and call this amplitude that necessary 
for a collision between neighboring atoms. Then the number of collisions per sec. per 
sq. cm of surface at temperature T is a = Noferf(3T »/2T)$+22-4(3T./2T bet 77). 
Suppose that transfers of energy take place between electrons in the atoms at collisions, 
so that an electron is ejected from one of the colliding atoms, and that these electrons 
have a Maxwell distribution of energy. Then the number of electrons crossing a sq. cm 
of the surface per sec. with velocity components normal to the surface between u and 
(u+du) is amu/kT)e*"™/*T du, and the number which will escape against the work 
function ¢ is ae~**/KT, Using »=7.910" (from Debye’s formula), N =1.5 X10", 
@=4.52 volts, T,,=3655 for tungsten, the above expression gives emissions within 
10 percent of the experimental values over the entire temperature range available. 


43. Secondary emission from a nickel surface due to positive ion bombardment. 
A. L. Kiem, California Institute of Technology.—An apparatus is used consisting of 
a number of coaxial nickel cylinders so arranged that they act as grids, shields, collectors, 
and target. The positive ions were evaporated from hot aluminum phosphate. The 
target was heated to 1000° C for three minutes before each run. A saturation curve was 
obtained of the current between the target and the collectors, for each energy of positive 
ions. This curve is then reduced to the ratio of the secondary current to the primary 
current. When the collecting voltage becomes high enough to stop reflected positive 
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ions, the curves all show practically horizontal saturation values. Large numbers of 
positive ions are reflected with velocities between zero and two volts, and there also 
seems to be a group of reflected positive ions with velocities around nine-tenths of the 
primary energy for all primary energies used. The saturated secondary electron emission 
is .35 percent at 50 volts, 1.6 percent at 100 volts, 5 percent at 200 volts, 13 percent at 
300 volts, and 22 percent at 380 volts. All runs were made with the target at a tem- 
perature approximately 170° C. 


44. Ionization of mercury vapor by ultra-violet light. G. F. Rouse and G. W- 
GippiNGs, University of Wisconsin.—In view of recent observations of the ionization 
of metallic vapors by light, a re-examination of Steubing’s early experiment (Phys. 
Zeits. 10, 787, 1909) was undertaken. It is found that while the radiation from a hot 
quartz mercury arc gives no ionization in mercury vapor, that from a similar water 
cooled arc gives a large ionization current. This indicates that the core of the line A2536A 
must be present in the exciting light. A suitable form of tube makes it possible to 
distinguish between a true ionization current and a possible photo-electric current 
from the electrodes due to scattered light. Tests made by illuminating with mono- 
chromatic radiation show that the line 42536A alone is effective, suggesting some sort 
of a cumulative action. The potential applied between the electrodes is only a few 
tenths of a volt. Results are given showing the effect upon the ionization current of 
gradually narrowing the wave-length range of the exciting light. The mercury vapor 


in these experiments was at saturation pressures corresponding to temperatures from 
150° C to 200° C. 


45. Variation of the photo-electric effect with temperature in the alkali metals. 
HERBERT E. Ives and A. L. Jounsrup, Bell Telephone Laboratories, Inc.—Special cells 
having a hollow central cathode were immersed in liquid air for an extended period to 


condense any gases present on the outer alkali metal coated walls. By a stream of evapo- 
rating liquid air, the temperature of the cathode was held at temperatures between 
+20and — 180°C. In these cells the variation of photo-electric current with temperature 
in sodium, potassium and rubidium is continuous. The effect is relatively small for 
sodium, showing hardly at all for blue light or white light, but clearly for yellow light. 
The behavior of rubidium is similar to that previously reported for potassium. In a 
second form of cell, potassium was collected in a deep pool. By slowly cooling the metal 
from the molten condition, smooth crystalline surfaces were obtained. With these 
annealed potassium surfaces, the variation of photo-electric current with temperature 
is represented by curves varying systematically in shape with the color of the light, and 
the effect is far greater than p-eviously reported, amounting, for yellow light, to a varia- 
tion of 10 to 15 times between room and liquid air temperature. When the surface is 
roughened curves of the previously reported type are obtained. Small pools give erratic 
effects, showing changes in opposite directions for different portions of the temperature 
range. It is concluded that the variation of photo-electric effect is intimately connected 
with the strains produced in the surface by expansion and contraction with temperature. 


46. Photo-electric threshold and light absorption. J. J. WeiGLe, University of 
Pittsburgh.—The coefficient of absorption of light in metals (determined directly in 
thin films or from the optical constants of the metal) shows a sharp discontinuity for a 
certain wave-length. This is explained by the fact that at this wave-length the emission 
of photo-electrons starts. The quantum theory of equilibrium between radiation and 
photo-electrons developed by Kramers and Milne seems to apply here. The absorption 
curve thus gives a new way to determine the photo-electric threshold. From the values 
of the coefficient of absorption taken from Landolt and Bjornstein Tables the following 
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long wave-length limits have been calculated: Co 3450, Cu 3250, Ag 3300, Au< 2570, 
Mg 4300, Zn 4400, Al 4400, Ni 3540, Fe 3450, Na>6750. These are in fairly good 
agreement with the observed values. A careful study of the absorption of light in metals 
will give valuable information as to electrons in metals. 


47. Comparison of the thermionic work functions and the photo-electric thresholds. 
RICHARD HAMER, University of Pittsburgh.—A comparative study of the tabulated 
values of the observed thermionic work functions and photo-electric thresholds for all 
the elements indicates that a connecting relation of some kind exists. The reliable thermi- 
onic ¢ is generally a little lower than the threshold value Vo. The author has previously 
pointed out that the true thresholds correspond to a critical potential or to the ionizing 
energy for some critical level, in each sub-group. Obviously the thermionic ¢ must do 
likewise which further supports the theory that the electrons form an interionic electron 
lattice such that electron distance to the nearest positive metallic ion corresponds to the 
radius of a fundamental spectroscopic orbit for each sub-group. The ideal and true 
thermionic ¢ may be considered similarly to the photo-electric V» as the lower limit of 
the series of values of the potential energies of electrons in such a lattice, ranging from 
one practically free (as in a vapor state) to one buried with other lattice units extending 
in all directions to infinity with all possible orientations. A critical study of the defects 
from the similar photo-electric work function should enable one to relate the work func- 
tion to the unit distance of the electron lattice for in the thermionic case the lattice is 
extended by temperature a determinable amount. 


48. A relation between the absorption coefficients, the refractive indexes and the 
photo-electric thresholds. RicHARD HAMER, University of Pittsburgh.—Values of 


absorption coefficients k and a and refractive index m tabulated in Landolt-Bérnstein 
Tables 1923 show changes at wave-lengths approximately corresponding to observed 
photo-electric thresholds, generally as distinct minima for k and a and as beginnings of 
increasing values of n. 
Observers k(min.) a(min.) (inflection) V.(obs.) V.(cale.) Series 
Cu Minor 2980A 3000A 3000A 3175A_ 1(2p1) 
Ag Minor 3220 2930A 3250 3281 1(2p,) 
Hagen and Rubens 3400 3390 +60 3383 1(2p2) 

Au Meyer 3010 3100 2850 3010 (2p) 
Zn Meyer 3076 3076 3016 (3076) (1S—2p2) 
Ni Meyer 3050 3050 + 50 
Pt Hagen and Rubens 2749 2740 2780 +35 
Fe Hagen and Rubens 2981 2870 +40 

Radiation of these critical photo-electric wave-lengths is increasingly absorbed here. 
Evidently electrons in metals are not free but so bound in quantum orbits that they 
respond best to certain critical frequencies. Incident threshold energy is transformed 
into electronic energy equalling their negative potential energy and causing release of 
photo-electrons with zero kinetic energy. 


49. On the electrical conduction of metals. ALFRED WotrFr, University of Penn- 
sylvania.—Assuming the mean kinetic energy of electrons in a metal to correspond to 
the thermionic work function, it is possible to treat the problem of conduction as a kind 
of Brownian motion. To obtain an expression for the variation of resistivity with 
temperature, the Clausius virial theorem is applied. The following formula is obtained 
for conductivity of univalent metals: S=0.6Ned’eW/hE where N is the number of 
valence electrons in one cc of the metal, e is the electronic charge, E is the mean kinetic 
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energy of one degree of freedom of the metal, W is the thermionic work function, d is 
approximately the space lattice constant, and A is Planck's constant. The formula is in 
qualitative agreement with experiment. 


50. On the motion of Faraday’s lines of force. HH. BATEMAN, Norman Bridge 
Laboratory of Physics.—In J. J. Thomson's theory of moving lines of electric force the 
velocity v of a point of the moving line can be any velocity satisfying the relation 
cH =v XE where E, H, ¢ are the electric force, magnetic force, and velocity of light, res- 
pectively. In the field of a moving electric pole the velocities, of magnitude less than c, 
satisfying this relation are the velocities which a particle could have if it were formed 
by the union, without any loss of energy or momentum, of two light-particles with 
energies (mc*, m’c*) and momenta (mc, m’c), where m and m’ are any two positive quan- 
tities having the dimensions of mass. The velocity of each light-particle is of magnitude 
c and satisfies the equation for v. Various laws of distribution for m and m’ are considered 
and also laws of distribution for v. 


51. Heaviside’s theory of electric networks. N.W1eNeER, Massachusetts Institute 
of Technology (introduced by M. S. Vallarta).—The author seeks a mathematical 
justification for the asymptotic solutions for large values of the time which Heaviside 
obtains for currents and voltages in electrical networks. Like T. C. Fry, he makes use 
of a generalization of the Fourier integral. He separates voltages and currents into high 
and low frequency bands and finds that the low frequency regions determine the asymp- 
totic behavior of the system. His method of interpreting the Heaviside operators is in 
harmony with that of J. R. Carson in systems where there are no negative resistances, 
but not, in general, in other cases. This is the source of the real discrepancies sometimes 
observed in Heaviside's theory between the expansions in powers of ¢ and those in powers 
of 1/t. In addition, apparent discrepancies arise from a misunderstanding of the nature 
of asymptotic expansions. 


52. The electric network equivalent of a piezo-electric resonator. K. S. VAN 
Dyke, Wesleyan University.—Starting with the fundamental differential equations 
given by Cady (Proc. I. R. E. 10, 83, 1922) for the current to a piezo-electric resonator 
and for the forced vibrations of the resonator under an applied alternating potential, it 
has been shown that so far as the circuit is concerned the crystal itself may be replaced 
by a series combination of inductance M/4¢b*, capacity 4¢b*/g, and resistance N/4&b’. 
In parallel with this series combination is a capacity which, when the electrodes are 
close to the crystal and of the same area, is (k/4% —3«)bi/z, the first term being associated 
with the ordinary dielectric displacement and the second with the static piezo-electric 
displacement. M, N, and g are the equivalent mass, frictional coefficient and stiffness 
of the crystal regarded as a rod having but one degree of freedom, /, b, and ¢ its length, 
breadth, and thickness, while k, «, and 4 are the dielectric constant, and the piezo-elec- 
tric constant and modulus respectively, all in c.g.s. and electrostatic units. For Cady's 
quartz plate N2 (3.07 X0.41 X0.14.cm), which has a fundamental frequency for longi- 
tudinal vibration of 90,000 cycles per second, the elements of the series combination 
expressed in practical units are 140 henries, 0.023 micromicrofarads, and 16,000 ohms, 
while the parallel capacity is (3.6—0.031) micromicrofarads. The problem of a vacuum 
tube circuit containing the crystal is now being investigated by this method. 


53. Electric capacity and conductivity of blood for frequencies between 800 and 
4.5 X10 cycles. HuGo Fricke and STERNE Morse, Cleveland Clinic.—Measurements 
were made with a bridge using a substitution method, the capacity and resistance of 
the blood being cempared with those of a liquid having the same specific resistance for 
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a given frequency. At low frequencies one cubic centimeter of blood of normal concen- 
tration is equivalent to a resistance in parallel with a capacity of a few hundred micromi- 
crofarads; for increasing frequencies the decreases in resistance and capacity are nearly 
in accord with the following formulas: (1) R= Cy*w*R,*/Ri(1+ C:*w*Ry’) + CPw*R*/R(1 
+ Cw R;*); (2) C=Ci/(1+ Ci*w*R,*) + C2/(1+ Cr*w*R2*). Ci, Ri and C3, R: correspond 
to two perpendicular principal orientations of a red corpuscle. A red corpuscle may be 
considered as a well conducting interior phase surrounded by a thin poorly conducting 
membrane, the static capacity of which is responsible for the capacity of the blood. By 
(1) the resistance of the blood for # = @ can be calculated. This resistance is equal to the 
resistance which would be obtained at lower frequencies if the membrane could be re- 
moved without disturbing the inside of the corpuscle. From the value of this resistance 
the specific resistance of the interior phase of the corpuscle, is by an earlier formula 
calculated to be about 29 percent of the specific resistance of the serum for the case of 
dog, sheep, calf or rabbit. 


54. The Fraunhofer diffraction pattern for a general polygonal aperture. Enos E. 
WITMER, University of Pennsylvania.— The principal features of the Fraunhofer 
diffraction pattern due to a general polygonal aperture are deduced from the well known 
formula, 

do(t) = —(A/dprp0)(Apo/ds)e™™"' f° Sie(#*™) dady. 

The analysis shows that the principal pattern consists of luminous rays diverging from 
the image of the radiant point. Corresponding to each side of the polygon there are two 
rays, 180° apart, perpendicular to that side. In addition to this result, which is in accord 
with previous experimental knowledge, the theory predicts the following interesting facts 
concerning the structure of the rays. If there is no other side of the polygon parallel to 
the side in question, the intensity distribution in the two rays corresponding is given 
by the formula, J= B*2/p*, where p=2x7r/po, 7 is distance measured along the ray 
from the center of the pattern, and / is the length of the corresponding side of the 
aperture. In this case the rays show no fringe structure. When two sides of the aperture 
are parallel, the intensity distribution is I= B*/p*{ (h+1s)* costap+(h—Is)* sintap} , 
where 2a is the distance between the parallel sides of the aperture. The rays in this case 
have a fringe structure. These formulas are only approximately true when p is small. 
Photographs taken with different apertures confirm the theory. 


55. Radiation pressure and Fermat’s principle in the quantum theory. J.C. Hus- 
BARD and R. T. Cox, New York University.—Quanta of energy 4» with momenta in 
vacuum hy/c, normally incident on a totally reflecting surface, will, by the conservation 
of momentum, exert on the surface a pressure equal to the energy density. If the statis- 
tical velocity of a quantum in any medium be », the velocity of light in that medium, it 
is necessary and sufficient, in order to account for the observed normal and tangential 
romponents of radiation pressure on the boundary between two media, to ascribe to the 
quantum a momentum hy/v. This value for the momentum being used in the principle 
of least action, Fermat's principle is obtained. This, with the conservation of energy, 
yields Fresnel’s equation. 


56. Thermal conductivity and specific heat of lithium. CuarLtes C. BIDWELL, 
Cornell University.—A lithium rod 1.1 cm diameter, 25 cm length, wrapped in a single 
layer of oiled paper was supported vertically in a test tube, 3.2 cm diameter, and heated 
electrically at the upper end by a small coil. Junction wires 3 cm apart along the rod 
gave temperatures. The tube was surrounded by various constant temperature baths 
and the temperature gradients observed. Curves were obtained for the rod when cooling 
to these various external temperatures. Cooling curves were also obtained for a copper 
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rod of same dimensions and similarly wrapped. By applications of Newton's law of 
cooling and the equation that rate of heat supply per cm length equalled rate of heat 
escape from the surface per cm length, thermal conductivity was computed. From the 
cooling curves for copper and lithium and the known specific heat of copper, specific 
heat of lithium was determined. Thermal conductivity increased apparently from zero 
at the absolute zero to a maximum of 0.38 at —50° C, decreasing again to some very 
small value at the melting point. The specific heat increases from about 0.3 at — 183° C 
approaching to a maximum of about .96 at +50° and thereafter decreasing. 


57. The latent heat of vaporization of liquid oxygen-nitrogen mixtures. Leo I. 
Dana, Laboratory of The Linde Air Products Company, Buffalo, N. Y.—This work, 
performed at the Jefferson Physical Laboratory, Harvard University, describes a con- 
tinuous flow calorimeter for the latent heat of vaporization of binary mixtures and its 
application to mixtures of liquid oxygen and nitrogen. The heat quantity measured is 
the change in total heat from the liquid state at a definite composition x to the saturated 
vapor state at the same composition, at constant pressure, but with a rise in temperature 
corresponding to the vertical separation of the vapor and liquid curves on the tem- 
perature-composition diagram. The latent heat of pure oxygen at one atmosphere was 
found to be 51.00 cal. (15° C) per gram, while that of pure nitrogen, 47.74 cal. per gram 
with an accuracy of 0.2 percent. The latent heat curve for the mixtures is represented 
by the equation L = 47.74+-6.374x —0.2168x* — 2.887x* in which x is the mole-fraction of 
liquid oxygen. It can be shown that the evaporation process for the mixtures is equiv- 
alent, except for some small terms, to the sum of the latent heats of the individual 
components and the heat required to superheat the vapor through the temperature 
difference between the two curves on the temperature-composition diagram. It thus 
results that the latent heat curve possesses a maximum. 


58. Variation of heat loss with gas pressures. Cares F. Hut, Westinghouse 
Elec. and Mfg. Co., East Pittsburgh.—The amount of heat carried away by air at 
various pressures from one atmosphere down to very low pressures has been measured 
for a wire axially placed in a horizontal cylinder 8 inches in diameter. For this case it is 
found that the results agree fairly well with those of Kennelly, the exponent of pressure 
being about .3 instead of the theoretical value of .5. However, for low pressures of the 
order of 1 mm the loss varies as the square root of P until the pressure is reduced to 
a value such that the mean free path of the gas molecules is greater than the radius of 
the cylinder. The losses then vary directly as the pressure. Extrapolation of the losses 
for such low pressures give the radiation losses. From this the radiation constant can 
be determined, and such a method is found adaptable to determine the radiation 
constant for insulating materials and surfaces used in electrical machines. Knudsen's 
equation for molecular conduction is found to check with the above extrapolation. 


59. A newly-found difficulty with the mercury-contact thermostat. WALTER P. 
Waite, Geophysical Laboratory.—Merits of a thermostat may be steadiness, or small- 
ness of the temperature fluctuations occurring within a few seconds or minutes, and 
constancy, or smallness in the variation of méan temperature from day to day, brought 
about chiefly by change in room temperature. Backlash in the mercury-to-wire contact 
creates unsteadiness, but not inconstancy. Lag causes both. If the temperature alter- 
nations are greatly accelerated, as by oscillating the contact wire (Gouy) or by putting 
the bulb very near the heater, steadiness is increased. Constancy is usually diminished 
at the same time. But the effect of lag in producing unsteadiness has been supposed 
to be completely overcome. The present investigation shows the contrary. A Gouy 
thermostat may hunt indifinitely, and may begin hunting immediately after the 
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temperature has been adjusted to equilibrium value. It is lag in the stirring that pro- 
duces this hunting. External lag of the bulb does not; internal lag, probably not. In one 
case, external bulb-lag having the extraordinary value of 7 minutes, plusa stirring lag 
of 4 seconds, caused only one-third as much hunting as with stirring lag 16 seconds, plus 
bulb lag of half a minute. The hunting is diminished by increasing the throw of the 
wire, and therefore at the expense of further inconstancy. With bulbs near the heater 
similar actions may occur. 


60. Observations on the ‘“‘hydrogen point” in iron. HeNry S. RAWDON and 
PETER HIDNERT, Bureau of Standards.—It is well established that electrolytically 
deposited iron may be profoundly affected by the presence of hydrogen, also that 
hydrogen diffuses readily through heated iron. Incidental observations on the hydrogen 
point have been reported by metallurgical investigators. The authors have been unable 
to find any published account, however, of systematic observations on the “hydrogen 
point” in iron or the explanation of “anomalies” in the properties of iron resulting 
therefrom. The occasion for the investigation was to check conclusions published by 
Sirovich (Gazetta Chimica Italiana, October 1923) concerning a “new” polymorphic 
transformation in ferrite, 373° C, based upon dilatometric measurements. The authors’ 
study of iron annealed (1) in an open furnace, (2) in vacuum, and (3) in an atmosphere 
of hydrogen, shows that heated iron absorbs and retains a very appreciable amount of 
hydrogen. Thermal analyses demonstrate in the heating curve a heat evolution beginning 
at 325° C (approximately) and reaching its maximum at 380° C (approximately). 
Likewise, thermal expansivity curves of hydrogen-treated iron show a “‘disturbance” 
in this temperature range whereas the same specimen annealed in vacuum gives a very 
“smooth” expansion curve. The results do not support the conclusions of Sirovich con- 
cerning a low-temperature polymorphic change in ferrite. 


61. Observations on the transformation in austenitic steel as induced by cooling 
in liquid air. HeNry S. RAWDON and FREDERICK SILLERS, JR., Bureau of Standards.— 
It has been generally assumed in the study of steel that austenitic steel, face centered 
cubic lattice form, can be readily transformzd into martensite, body centered cubic 
lattice, by severe cooling (liquid air) by which means the »—+a transformation is caused 
to take place. The marked ‘acicular’ structure observed on a previously polished surface 
of austenitic steel after immersion in liquid air so closely resembles the microstructure of 
a hardened steel that the conclusion was natural. Observations by the authors by the 
Hull-Davy method of crystal analysis on an austenitic steel (Ni 26.7 percent, 0.27 
percent C) annealed and also after cooling for varying periods in liquid air show that the 
v, or face centered cubic lattice, predominates in the material even after severe cooling 
(75 minutes, .003 to .005’’ strip). Some lines indicative of the a, body centered cubic 
lattice, were found in photographic record of annealed material. These were strengthened 
by cooling, but on the whole, the » lattice strongly predominates. Measurements 
(Fabry and Buisson method) of the relative intensity of the lines showed a gradual 
decrease in intensity of certain of the » lines and increase of some a lines. The conclusion 
that the »—+a change under these conditions is only partial seems to be warranted. 


62. Binaural beats. C. E. Lane, Bell Telephone Laboratories, Inc.—Two types 
of binaural beats have been found; namely, objective and subjective. Objective binaural 
beats are heard for most frequencies within the audible frequency range, provided there 
is the proper amplitude ratio (about 1:1000) between the beating tones. These beats are 
the result of the conduction of the louder tone through the head to the ear of the weaker 
tone. Subjective binaural beats are heard for frequencies below 800 or 1000 cycles when 
the tones at the two ears have approximately the same amplitudes. They are un- 
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doubtedly the result of the sense uf binaural localization of sound by phase. If the beats 
are slow they are generally recognized as an alternate right and left localization. Fast 
beats are generally recognized as an intensity fluctuation. They are explained by 
assuming that the sound appears louder when the phase relations are such that it is 
normally best localized in the position toward which the attention is directed. 


63. Reverberation in auditoriums. F. R. Watson, University of Illinois.—By 
sounding an organ pipe in various auditoriums and using calculated values of the 
volume and absorbing surfaces, an experimental confirmation has been made of the 
reverberation formula of Jager. The experimental data has been used to formulate a 
relation showing that for good acoustics the time of reverberation may vary with the 
cube root of the volume of the auditorium (Jour. Frank. Inst., July, 1924). This rela- 
tion, in turn, has led to the development of a nearly linear relation between the volume 
of the room and the amount of sound absorbing material needed to give good acoustics. 


64. The viscosity of pure liquids under pressure. P. W. Bripcman, Harvard 
University.—The effect of pressures up to 12000 kg/cm* on the viscosity of 43 pure 
organic liquids has been determined at 30° and 75° C. The viscosity increases under 
pressure. To a first approximation the viscosity increases geometrically as pressure 
increases arithmetically; i.e. log (viscosity) against pressure is very nearly a straight 
line. There is, however, a slight curvature which is more pronounced at the lower 
pressures; the direction of curvature is such that the log (viscosity) curve rises less 
rapidly at the high pressures, although there are some reverse cases, especially for 
substances with high absolute viscosity. The magnitude of the effect varies enormously 
with the substance; the viscosity of methyl alcohol increases 10-fold under 12000 kg, 
whereas that of eugenol increases millions of fold. The pressure effect is in general 
greater for the substances_with the more complicated molecules. The temperature 
coefficient of viscosity also increases very markedly with increasing pressure. Viscosity is 
not, as some theories have supposed, a function of volume only, but at constant volume 
the viscosity is less at the high temperatures (and pressures). It seems plausible to 
ascribe the very high pressure effects to a sort of interlocking of the molecules. 


65. Internal friction in solids apparently independent of strain velocity. A. L. 
KIMBALL, Jr., General Electric Co.—When an overhanging shaft with a weight on its end 
is revolved, a slight transverse deflection is produced due to internal frictional hysteresis. 
By the use of this method, it is shown that internal friction in solids is not dependent, 
as is usually assumed, upon the rate of change of deformation, like fluid friction, but 
that it acts like ordinary sliding friction. The internal frictional force is found to have 
substantially a constant value in nickel steel, carbon steel, copper, brass and celluloid 
for strain cycles of frequency ranging from one to thirty per second. It does depend upon 
the amplitude of the strain cycle, however, and is nearly proportional to it. It is found 
to reverse completely when the deformations are reversed in direction. Frictional force 
of this type, which is proportional to the amplitude of strain, gives an exponential law 
of amplitude decrement like that of the old theory, but the amplitude decrement per 
cycle is independent of the frequency. All rods tested were given both rotation and 
vibration tests. The internal friction constants obtained by these two different methods 
checked each other in every case on the basis of the above theory. 


66. Information regarding equilibrium in soda-lime and other glasses, obtained 
from viscosity measurements. G. S. FutcHer, Corning Glass Works.—Recently 
S. English has published the results of a very thorough study of the effect on the vis- 
cosity-temperature curve of replacing the soda in soda-trisilicate glass by CaO, MgO 
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and Al.O3, molecularly. If the resulting change in log viscosity per molecule substituted 
is plotted as a function of temperature, curves are obtained for each oxide which show 
a sharp bend upward as the temperature decreases through a temperature 7.4, which is 
higher the greater the amount substituted. For each oxide the curves below 74 are 
parallel, indicating that the increase in the rate of stiffening of the glass due to the 
substitution is proportional to the amount substituted. The temperatures 74 are found 
to be about those at which we should expect the glasses to begin to devitrify, according 
to the equilibrium triangle for NaxO—CaO—SiO, published by Morey and Bowen, 
although no signs of actual devitrification were observed. Values for 74 were also 
obtained for other lime-soda glasses from the extensive results published by Washburn, 
Shelton and Libman. Viscosity measurements, then, may give us information as to 
molecular aggregation in glasses which we have been unable to obtain otherwise. 


67. The stress-strain properties of bakelite and the law of its optical behavior 
under mechanical stress. PAutL HEYMANs and T. H. Frost, Massachusetts Institute 
of Technology.—Ambronn, Ramspeck and Wichtler have independently reported the 
hysteretic behavior of the stress-strain properties of celluloid and of its optical properties 
under mechanical stress. However, their conclusions that celluloid is therefore un- 
suitable for the photo-elastic method of solution of stress problems is unwarranted as 
the hysteretic effects can be eliminated by means of Coker’s compensation method. 
As a material in which hysteretic behavior is absent would, however, be a decided 
advantage, the authors presenta preliminary report on their investigation on a com- 
position of isotropic transparent bakelite (with absorption coefficient k =.295 cm for 
mazda lamp illumination against 1.810 cm! for camphor-celluloid). The stress-strain 
curves are linear up toa stress exceeding 4000 lb/sq. in., where the test members broke 
at the clips; the value of Young’s modulus varies from 7 to 7.410 lb per sq. in. The 
index of temporary double refraction due to stress (for definition see Heymans and 
Allis, Journ. Math. and Phys., M. I. T. II, 4, 231, 1923), taken repeatedly over a period 
of several days, has averaged, without systematic variation, 41.33 X10-'° cm? per gm 
for the sodium flame, with a maximum deviation from the mean of +1.44 and —1.09 
X<10-!° cm? per gm; these deviations corresponding to the uncertainty of the applied 
load. The results show superiority for photo-elastic purposes over those for glass and 
celluloid and reveal no hysteretic behavior. The Brinell hardness number is 45 against 
143 for .2 percent C steel. 


68. An approximate determination of the depth of compression in copper bars 
during impact. E.W.Tscaupt, Johns Hopkins University.—The author has previously 
shown that the duration of impact is a function of the relative initial velocity between 
the two bars and hence that the compressional wave theory is inadequate to explain 
their separation while a theory of local compression does seem reasonable. The present 
experiments were intended to measure the extent of this local compression in copper bars. 
It was found by copper plating steel bars that a thickness of copper of .038 mm and also 
one of .064 mm gave impact results similar to those of copper bars with the same mass 
and diameter. A thickness of .017 mm gave results between those of steel bars and 
copper bars. When the contact area is decreased, the duration of impact for steel bars 
varied inversely as the fourth root of the area. Collision with rounded ends resulted in 
smashing in the colliding ends. On the assumption that the pressure during impact 
varied as the sine of the time, a value of 2.66 x 10" dynes was calculated, which is two 
anda half times the limit of elasticity tabulated for steel. 


69. A new fabric tension meter. L. B. Tuckerman, G. H. KEULEGAN, 
H. N. Eaton, Bureau of Standards.—It is frequently desirable to measure under 
various conditions the tension in a fabric or other membrane used as a part of a 
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structure. Frequently only one side of the fabric is accessible. This is especially so in 
the case of the cover or envelope of an airship or the fabric covering of an airplane wing. 
A general relation exists between the tensions of such a fabric, its principal radii of 
curvature and the hydrostatic pressure acting on it, so that by measuring the deflections 
of suitable isolated portions of the fabric deflected by known hydrostatic pressures, the 
tensions may be determined. The instrument developed at the Bureau of Standards 
for the Bureau of Aeronautics of the U. S. Navy to measure the stresses in the cover 
fabric of the airship “Shenandoah,” consists of an open chamber having an elliptical 
cross section and provided with a pressure gage and deflection meter. The construction 
of the instrument is shown and the theory of its use is given. Around its perimeter is a 
hollow rim perforated with suction holes, by means of which an elliptical portion of the 
fabric is isolated. 


70. An integrating hot-wire anemometer. Cart Zopet, Koppers Company.—In 
connection with some airplane radiator problems, an area integrating hot-wire anem- 
ometer was developed. It was designed to consume very little energy; this had previously 
been approximately determined from King’s equation for heat loss from a cylinder cooled 
by a stream of fluid. The electrical measuring instruments are limited to a voltmeter 
and ammeter. Operation, calibration, sources of error, and application, offer difficulties 
which are discussed and analyzed. The anemometer can be used for measuring air speed s 
from 30 to 150 miles per hour. The accuracy claimed is 3 percent. This work was done 
at the Bureau of Standards. 


71. Atmospheric-electric observations made at New Haven during the total eclipse 
of January 24, 1925. W.F.G. Swann, Yale University.—Measurements of the poten- 
tial-gradient were made with a water-dropper, and measurements of the residual ioniza- 
tion in a closed vessel were made by a compensated scheme of high sensitivity. The 
potential gradient results give indication of a depression in the general rise of the curve 
which is characteristic of the early morning, and the residual ionization shows fluctua- 
tions about a mean value during the period of the eclipse. These fluctuations are very 
much more marked than those shown by any other portion of the curve or by the curves 
obtained on subsequent days. 


72. The variation of the declination during the solar eclipse of January 24, 1925, 
at Urbana, Illinois. Cuas. T. Knipp, University of Illinois.—Declination readings, 
similar to those of June 8, 1918 (Terr. Mag., 24, Sept. 1918), were made during the 
eclipse of last January. The position of Urbana, Illinois, being about midway between 
the two paths, made observations at the time of this eclipse desirable. The variometer 
used in 1918 was again used. The observations continued over a period of six hours and 
were made at one minute intervals. For comparison similar series were taken on the 
following day (Sunday) and again on the following Saturday. Five-minute averages of 
the declination readings were plotted against time. Thus a curve was obtained for each 
series. The two curves for the undisturbed days were combined by superposing one upon 
the other and drawing a resultant curve. The curve for the eclipse day was now super- 
posed upon this resultant. Finally a AD curve was drawn in which the ordinates were 
the differences between the eclipse curve and the resultant curve referred to above. Com- 
paring these two curves leaves but little doubt as to the effect of the eclipse. The dist urb- 
ance seems to have preceded the shadow and also to have continued for some hours 
after. This in general is in agreement with the findings for the 1918 eclipse. 


73. Measurements of illumination and color temperature at Washington during 
solar eclipse, January 24, 1925. Irwin G. Priest, K. S. Gipson and F. K. Harris, 
Bureau of Standards.—T wo sets of observations were made at the Bureau of Standards, 
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(Longitude, 77°4'0”; Latitude, 38°56'30’’N) namely, one set on direct sunlight illumina- 
tion on a surface normal to the sun’s rays and one set on illumination from a part of the 
north sky. Measurements were made by the method of rotatory dispersion (J.0.S.A. and 
R.S.1., 7, 1175-1209, 1923). The results will be shown graphically. The following are 
their salient features: (1) The sky data show a more regular systematic agreement with 
the phases of the eclipse than the data on direct sunlight. (2) The minimum illumination 
was about 3.1 percent of normal illumination at the same hour under the same conditions 
with no eclipse. (From sun data, 3.07 percent; from sky data, 3.24 percent.) (3) Since 
at the time of maximum obscuration 5.4 percent of the sun’s disk was exposed, the 
average brightness of this portion of the disk is 57 percent of the average brightness of 
the whole disk. (4) There is a color temperature minimum at maximum obscuration as 
would be expected. (5) There are also two unexplained minima in illumination and color 
temperature occurring respectively before and after maximum obscuration. They may 
be secondary effects of the eclipse due to changes in the earth's atmosphere. The applica- 
tion of these data to the determination of the time of maximum obscuration will be 
considered in a separate paper. 


74. Determination of the time of a solar eclipse from measurements of relative 
illumination. Irwin G. Priest, K. S. Gipson and F. K. Harris, Bureau of Standards. 
—The object of this paper is to point out the utility of illumination measurements in 
determining the time of a solar eclipse. Using the measurements made at the Bureau of 
Standards at the time of the recent eclipse (see preceding paper) the following data 
were collected: Magnitude of eclipse (predicted): 0.952. Time of maximum obscuration 
of sun's disk: as predicted, 9h 4m 27.5s; corrected to accord with observed contacts 
in totality path (Sci. Am. April 1925, p. 223), 9h 4m 33s; corrected to accord with 
correction adopted by Naval Observatory on basis of observed first and last contacts 
at Washington, 9h 4m 33s; corrected to accord with the mean correction for first and 
last contacts as actually observed by Naval Observatory, Washington, 9h 4m 39s; 
from illumination data, North Sky (Priest) 9h 4m 35s; direct sun (Gibson) 9n 4m 50s. 
The present illumination measurements were not intended for this purpose and are 
much less precise than might have been attained with this end in view. Tentative 
recommendations for future attempts were presented, 


75. Martian temperatures computed from water-cell transmissions. D.H.MEN- 
zEL, W. W. CoBLentz and C. O. LAMPLAND, Bureau of Standards.—By this method 
(described in the Astrophys. Jour., 58, 65, 1923) the temperatures are derived from the 
fourth-power law of total radiation. The various factors, e.g. albedo, water-cell trans- 
mission, atmospheric absorption, etc., enter as the fourth-root in the equation, which 
minimizes the errors of observation. An uncertain factor is the albedo of the isolated 
areas upon which the radiometric measurements were made. The average temperature 
of the whole disk of Mars was —30° C. The temperatures of the apparent center of the 
disk ranged from —5° C on the bright areas to +22° C on the adjacent dark areas; 
the predominating values being 6° C to 9° C. The true temperatures would be about 
10° higher, or 15° to 20° C. At opposition the black body temperature of the east limb 
was —55° C, the west limb —7° C, the north pole — 110° C and the south pole —90° C. 
After the Martian solstice (Oct. 5) the temperature of the south polar region increased 
to 10° C. The temperatures derived by this method of reducing the data are in good 
agreement with those obtained by three other methods all of which indicate conclusively 
that the equatorial temperature of Mars, at perihelion was considerably above 0° C. 


76. Metallic potassium as a mercury vaportrap. A. LL. HuGues and F. E. Porn- 
DEXTER, Washington University.—The alkali metals absorb mercury vapor strongly. 
The pressure as indicated by an ionization gauge when connected directly to a condensa- 
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tion pump is reduced about 12000- fold by the introduction of distilled metallic potassium 
into the tube between the gauge and pump. This reduction is of the same order as that 
obtained by a liquid air trap in place of the potassium. A tube was made up containing 
helium at about .01 mm pressure. One end of the tube contained electrodes whereby a 
discharge could be passed through the gas, the middle was lined with distilled metallic 
potassium, and the other end contained mercury. For a number of weeks, the spectrum 
of the discharge showed no trace of mercury lines, indicating that the potassium lining 
the middle part of the tube formed a satisfactory barrier to the passage of mercury vapor. 
After ten weeks, during which nearly 1 cc of mercury had evaporated and had been ab- 
sorbed by the potassium, faint traces of a few prominent mercury lines were observed 
in a strong discharge. This severe test shows that the potassium is still a powerful 
absorber of mercury vapor after it has absorbed a considerable quantity. 


77. The application of the calculus of perturbations to atomic systems and the 
adiabatic principle. M. SANDOVAL VALLARTA, Massachusetts Institute of Technology. 
—The applicability of the calculus of perturbations to atoms with more than one electron 
is examined in detail. It is shown that Poincaré’s classical theorem may be stated as 
follows: Except for the dynamical system of one degree of freedom, no continuous 
analytic hypersurface exists in phase-space, besides the energy-surface, which contains 
wholly a dynamical trajectory issuing from one of its points. Correlating this with a 
theorem already stated by Fermi, that any dynamical system admitting a single integral 
uniform and independent of time admits an adiabatic transformation leaving this charac- 
teristic invariant, it is concluded that for continuity reasons neither the method of 
quantization of Epstein nor that of Born and Pauli are in general compatible with the 
adiabatic principle. This conclusion holds together with the well-known fact that neither 
of these methods converges. In agreement with a recently published paper of Wataghin 
and in answer to a question proposed by Ehrenfest, it is shown that in general all dynam- 
ical systems having a degree of periodicity greater than the numbe- of degrees of freedom 
admit no energy integral and hence are of no importance in current atomic theory. 


78. Note on de Sitter’s universe. G. LEMAITRE, Massachusetts Institute of 
Technology (introduced by Paul Heymans).—De Sitter’s solution of the relativistic 
equations of the gravitational field in the absence of matter introduces a spurious in- 
homogeneity which is not simply the mathematical appearance of center of an origin 
of coordinates, but really attributes distinct absolute properties to a particular point. 
A new form of de Sitter’s solution is given in order to remove this difficulty. New co- 
ordinates are introduced and, with the corresponding separation of space and time, the 
field is found homogeneous but non-statical. Furthermore the geometry is euclidean. 
The singularity at de Sitter’s horizon disappears. The Doppler effect has the numerical 
value given by Silberstein, but no way is found of introducing his double sign without 
spoiling the homogeneity of the field. The result that a homogeneous solution of de 
Sitter’s world is non-statical and euclidean is rather against the physical significance of 
de Sitter’s universe. However, the non-statical character of this universe has been 
advocated as an advantage by Eddington, but euclidean geometry is a very unsatis- 
factory feature of any conception of the whole universe. 


79. Power series which facilitate the evaluation of certain integrals. N. ERNEST 
Dorsey, Washington, D. C.—In determining the value of correction terms, or the effect 
of small changes in the value of certain coefficients, the experimental physicist now and 
again has to express an integral of the form oe ‘[(1+ax)(1+bx)**]“dx as an ordered 
series of powers and products of a and b. While the formal integration is easy, the usual 
procedures lead to a number of rational fractions and a logarithmic term, and the collec- 
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tion of the several powers and products is tedious and subject to errors which can not be 
readily detected. If, however, —1< e< 1, e=(a—6)/(1+6), which is the case with which 
the experimental physicist is usually concerned, then the general integral can be written 
down at once in the following convenient form: od '(1+ax) (1+-bx)**!}~"dx = 
[k!/(1+6)**] [Lo(e)/k!+L1(6)b/(R—1)!+ ... +£n(e)d"/(R—m)!+ 2... +#2pe-1( P+ 
L*(e)b*], where Lo(e) =1—¢€/2+¢/3—¢#/4t ...; 

Lil) =>. (—D"m!e"/[(mtn+1)] =(1/") S*... SS log(i+e de)". The 


L’s appear to be functions hitherto unrecognized. 
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Wick, Frances G. Effect of x-rays on thermo- 
luminescence—25, 588(A) 

Wiener, N. Heaviside’s theory of electric networks 
—25, 895(A) 

Williams, N. H. (see Hull, Albert W.)—25, 112(A), 
147 

Witmer, Enos E. Fraunhofer diffraction pattern for 
a general polygonal aperture—25, 896(A) 

Wolf, Alfred. Electrical conduction of metals—25, 
894(A) 

Woo, Y. H. Scattering of x-rays by recoiling elec- 
trons—25, 444 

———see Compton, A. H.)—25, 236(A) 

Worthing, A. G. Optical constants of tungsten— 
25, 588(A) 

Temperature scale of Mo and the melting 
point—2S, 846 


Young, A F. (see Olson, A. R.)—25, 58 


Zobel, Carl. Integrating hotwire anemometer—25, 
901(A) 

Zumstein, R. V. M-series of tungsten—25, 106(A) 

————Absorption spectra of copper, silver and gold 
vapors—25, 238(A), 523 

Tungsten x-ray emission and absorption 

spectrum—285, 747 

Zworykin, V. K. Thermionic photo-cell—25, 247(A) 
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ANALYTIC SUBJECT INDEX TO VOLUME 25 


References with (A) are merely to abstracts of papers presented at meetings of the Physical Society. 


Aberration of stars 
referred to, observer—25,587(A24) 
Absorption of light 
by mercury vapor 
of 2540A—25,110(A17) 
of Hg spark lines—25,238(A17) 
screens, neutral 
gelatine wedges; 
116(A41) 
Acoustics 
auditorium 
interfering effect of 
720(A23) 
reverberation—25,899(A63) 
optimum—25,391 
Aerodynamics 
air foils; characteristics at 
257(A82) 
Alpha rays 
range 
equation for various media—25,244(A37) 
relation to period—25,244(A37) 
theory, Henderson; criticism—25,718(A17) 
tracks 
demonstration, lecture—25,108(A8) 
projection on screen—25,107(A7) 
Anemometer 
hot-wire, integrating— 
25,901(A70) 
Arc, low voltage 
argon; steady with reverse field—25,111(A20) 
helium; oscillatory abnormal—25,139 
HC]; dissociation ion—25,889(A21) 
mercury; steady with reverse field—25,111(A20) 
absorption of hydrogen—25,889(A31) 
nitrogen and mixtures with hydrogen; oscillatory 
—25,889(A30) . 
non-oscillatory with reverse field—25,139 
oscillatory; abnormal; in pure gases—25,139 
phosphorus; minimum potential—25,110(A19), 
501 
potassium; absorption of hydrogen—25,889(A31) 
Atmospheric electricity 
relation to solar activity—25,253(A70) 
theory, based on generalized electrodynamics— 
25,253(A69) 


method for making—25, 


tones and noise—25, 


high speeds--25, 


Atomic structure and dynamics 
Bohr model; 
mechanical aspects—25,824(A13) 
theoretical discussion from the standpoint of 
general relativity—25,582(A6) 
Atomic structure and dynamics (cont.) 
dynamics; 
application of calculus of perturbations—25, 
903(A77) 
new modification of classical conceptions of 
electron and of kinetic reaction to give uni- 
frequentic motion and account for emission 
of Balmer series—25,241(A26),429 
force field-——25,241(A27) 
mass variations involved in the transitions—25, 
762LH 
orbits, electronic 
analysis, harmonic—25,108(A10),174 
Bohr's interpenetration ideas; reconciliation 
with Sommerfeld’s relativistic treatment— 
25,243(A33) 
corrected according to relativity—25,241(A27) 
stability of relativistic orbits—25,108(A9) 
precession, Larmor; new ways of approaching— 
25,586(A22),835SB 
Whittaker magnetic wheel model; criticism— 
25,115(A36) 
Audition 
binaural beats; objective and subjective—25, 
898(A62) 
loudness, apparent; relation 
sound wave—25,253(A68) 


Bessel functions 
new expansion—25,218 
Beta rays 
secondary; produced by hard gamma rays— 
236(A9) 
produced by hard x-rays; P and R tracks— 
25,107(A6) 
Book reviews 
Alexander; Colluid Chemistry—25,104 
Auerbach, E.; Physik in graphishen Darstellun- 
gen—25,879 
Benedicks, Carl; Space and Time—25,574 
Bolton, D. J.; Electrical Measuring Instruments 
and Supply Meters—25,712 


to amplitude of 
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Book reviews (cont.) 

D'Ainvelle, Jean Varin; L’Origine Tourbillon- 
naire de L’Atome—25,713 

Georgii, Walter; Wettervorhersage—25,579 

Haas, Arthur; Introduction to Theoretical Phy- 
sics—25,877 

Hausmann, Erich; Dynamo Electric Machinery 
—25,712 

Helmholtz’s Treatise on Physiological Optics. 
Volume I—25,577; Volume II—25,578 

Houston; Treatise on Light—25,103 

Jeffreys, Harold; The Earth, its Origin, History 
and Physical Constitution—25,711 

Kramers, H. A. and H. Holst; The Atom and the 
Bohr Theory of its Structure—25,575 

Lewis; A System of Physical Chemistry. Volume 
111; Quantum Theory—25,103 

Lorentz, H. A.; Clerk-Maxwell’s Electromagnetic 
Theory—25,574 

Mauguin, Ch.; La Structure des Cristaux—25,575 

McLaren, S. B.; Scientific Papers—25,878 

National Research Council Committee; Hand- 
book of Mathematical Statistics—25,712 

Prescott, John; Applied Elasticity—25,877 

van Laar, J. J.; Die Zustandsgleichung von Gasen 
und Flissigkeiten, etc.—25,576 

Vinal; Storage Batteries—25,104 


Warburg, Emil; Uber Wirmeleitung und Andere 
Ausgleichende Vorginge—25,712 


Capacity 
measurement; null method bridge—25,858 


Chemical reactions 
synthesis of HBr; rate—25,858 


alkali metals, under high pressure—25,249(A54) 
Contact potential difference 
change on melting; Sn and two alloys—25,812 
copper-nickel; effect of treatment—25,249(A56) ; 
812 
Crystal structure and density 
alloys; Al-Zn, Al-Ni, Cr-Ni, Pb-Sn—25,107(AS) 
calcite; angle between cleavage faces—25,621 
densit y—25,618 
grating space—25,625 
copper surface, condensed from vapor; effect of 
heating in vacuum—25,41 
effect of cold work and polishing metals—25, 
582(AS) 
electron distribution; computed from reflection 
data—25,881(A3) 
films, evaporated; Co and Ni—25,113(A30) 
sputtered; tellurium—25,116(A40) 


Crystal structure and density (cont.) 


iron oxides; effect of transformation of magnetite 
into hematite—25,587(A23) 

measurement by x-rays; correction for penetra- 
tion—25,107(A5) 

metals 
Ag, Al, Au, Bi, Cu, Fe, Mo, Ni, Pb, Pd, Pt, W; 

precision constants—25,753 

Al, Cr, Ni, Pd, white Sn, Zn—25,107(AS) 
Cr and Ti—25,581(A4) 
Se and Te—25,333 

rocksalt; density—25,618 
grating space—25,625 

selenides of Ba and Sr—25,333 

steel; austenitic; effect of cooling in liquid air— 
25,898(A61) 


Density (see Crystal structure) 
Devitrification temperatures 
of glasses; from viscosity curves—25,899(A66) 
Diamagnetism 
gases; results of Glaser; explanation—25,586 
(A21); 586(A22),835 
theories; Weber-Langevin and that of Pauli 
compared—25,586(A22),835 
Dielectric constants (see Power Loss) 
blood; various frequencies—25,89 5(A53) 
bromine vapor—25,846 
gases; variation with field; theory—25,719(A19) 
Discharge through gases (see Arc, Spark, Vacuum) 
effect of surface charges; simple case—25,58 
neon glow lamp; current, voltage, light intensity 
—25,66 
Dissociation 
hydrogen in low-voltage arc of K and Hg—25, 
889(A31) 
H,*; probability—25,452 
HCI in low-voltage arc—25,889(A21) 


Earth _ 
current; cyclical changes—25,254(A71) 
resistivity; variation with depth, etc.—25,254 
(A73) 
rigidity of core; new evidence—25,721(A25) 
Elastic properties 
adiabatic coefficient; relation to melting tempera- 
tures, for metals—25,250(A60) 
bakelite—25,900(A67) 
Young’s modulus 
measurement of small changes; vibration 
method—25,558 
steel; variation with temperature; vibration 
measurements—285,116(A42) 
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Electrical conductivity and resistance (cont.) 


alkali metals, under pressure—25,249(A54) 
blood; various frequencies—25,895(A53) 
cream suspensions in its skimmed milk—25,361 
crystals, large single, of copper—25,248(A50) 
copper, large single crystals—25,248(A50) 
efect of illumination, Ag, An, Bi, Cu, Pd, Pt; at 
low temperature—25,247(A46) 
films, evaporated, of Co, Fe, Ni, Pd and Pt—25, 
113(A30) 
sputtered of Bi; effect of electrostatic charge 
—25,585(A16) 
gases, during chemical reaction—25,719(A18) 
graphite, in CO,, He, and N3:; variation with 
pressure and temperature—25,249(A53) 
measurement of high resistancy; use of neon lamp 
—25,66 
theory, electron; of change with pressure—25,585 
(A17) 
like that of Brownian motion—25,894(A49) 
thorium metal—25,589(A31) 
variation with pressure, for metals—25,585(A17) 
Electrical measurements (see Capacity) 
voltages, micro-, of radio frequency—25,147 
voltameter, glass—25,719(A20) 
Electrical networks 
Heaviside’s theory—25,895(A51) 
Electrodynamics 
generalization, correlating the primary features of 
terrestrial magnetism, atmospheric electricity, 
and gravitation; consistent with restricted 
relativity—25,253(A69) 
Electrolysis 
through glass; sodium voltameter—25,719(A20) 
Electromagnetic effects 
with radio-frequency current; torques between 
cylindrical coils—25,115(A37) 
Electromagnetic theory 
of field; motion of Faraday’s lines—25,895(A50) 
of quanta; modified field equations—25,244(A35) 
Electrons (see Thermionic emission) 
atsorption and transmission of slow rays in A, He, 
Hoe, Nz, CO and methane—25,636; in Al foil, velo- 
city distribution of transmitted—25,111(A32) 
charge; from shot effect measurements—25, 
112(A25),147 
in crystals; distribution from reflection data— 
25,88 1(A3) 
deflection by radiation; theory—25,193 
diffusion against field in low-voltage arc—25,139 
emission 
due to positive ion bombardment; Ni—25,718 
(A14),892(A43) 
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Electrons (cont.) 


emission, secondary 
from Ag, Al, Au, Cu, Mg, Pd, Pt, W; 0 to 250 v.; 
current; velocity distribution—25,41 
from Cu; effect of previous treatment—25,41 
frcm Fe, to 1500 v.—25,583(A12) 
study by use of shot effect—25,112(A25),147 
emission, tertiary; primary to 200 v.—25,883(A11) 
evaporation, heat of (see Thermionic work func- 
tion) 
range in air, to 2225 v.—25,484 
scattering in ionized gases; H; and mixed with 
A—25,891(A37) 
transmission through Al foil, apparent, of slow 
rays; velocity distribution—25,111(A23) 
Electrostatic alternator 
simple; quantitative theory—25,368 
Elements (see Rare earths) 
hafnium; separation from Zr—25,882(A8) 
number 61; x-ray search—25,106(A4) 
Evaporation (see Vaporation) 
from lakes; importance of wind, etc.—25,521 
(A26) 
Explosion 
rate; measurement by spark-photography—25, 
256(A8C),870 


Films (see Crystal structure, Electrical Conduc- 
tivity, etc.) 
Flames 
Hall effect; asymmetry—25,69 
ions, negative; mobility; variation with gradient 
25,69 
Frequency meter 
differential; for small changes of high frequency 
25,558 


Galvanometers 
ballistic; calibration curve; universal—25,85 
sensitivity; variation in definite ratio—25, 
211,255(A77) 
Galvanomagnetic effects 
Hall effect (see Flames) 
bismuth; small cast plate—25,248(A51) 
films, evaporated, of Co, Fe, Ni, Pd, Pt—25, 
113(A30) 
permalloy—25,248(A51) 
theoretical discussion—25,248(A52) 
Gravitation 
theory, based on generalized electrodynamics— 
25,253(A69) 


Hall effect (see Galvanomagnetic) 
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Heat Loss 
from a wire; variation with gas pressure— 
25,897(AS8) 


Impact 
bars, copper; depth of compression—25,900(A68) 
Ions (see Electrons, Ionization, Positive rays, etc.) 
in air; existence of groups—25,101 
diffusion of electrons against field in low-voltage 
arc—25,139 
in mercury vapor; evidence for Hg*t*—25,111 
(A21) 
in liquids 
lithium ions in ammonia; max. velocity—25, 
249 ASS) 
migration velocity; measurement—25,113(A29) 
velocity. distribution—25,249(A55) 
mobility; argon ions in air—25,890(A35) 
ether positives and negatives; various pressures 
—25,718(A16) 
independence of mass, discussion—25,111(A22) 
initial positives in mixtures at low pressure— 
25,630 
negative; production by electron collisions—2S5, 
583(A10) 
Ionization (see Potentials, critical) 
by collision of the second kind in iodine—25, 
583(A11) . 
by electrons 
in air; total, to 2225 v.—25,484 
in argon; single and double; magnetic analysis 
—25,469 ; probabilities, 0-325 v.—25,249(A39) 


in helium with H,; magnetic analysis—25, © 


718(A15) 
in hydrogen; primary and secondary ions; 
magnetic analysis—25,452, 718(A15); prob- 
abilities, 0-325 v.—25,245(A39) 
in HCl; various pressures—25,890(A33) 
theory, Bohr; test—25,484 
by light, ultraviolet; mercury vapor—25,893 
(A44) 
Isotopes 
evidence from band spectra—25,119 


Latent heat (see Vaporization) 
Lichtenberg figures 
due to charged plate above photographic plate— 
25,585(A19) 


Magnetic properties (see Magnetostriction) 
films; evaporated, of Co, Fe, Ni—25,114(A31) 
sputtered, of Ni; at —180°C—25,114(A32) 
iron oxides; effect of transformation of magnetite 
into hematite—25,587(A23) 
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Magnetic properties (cont.) 
permeability and hysteresis; effect of superposed 
alternating current—25,114(A33),527 
steel (1 percent Si); magnetization curves— 
25,527 
Magneton 
theoretical calculations; test—25,115(A35) 
Magnetron 
current limited by magnetic field of filament 
heating current—25,645 
theory, exact, including variation of mass with 
velocity—25,89 1(A38) ,841 
Magnetostriction effects 
in Co, Fe, Ni; anhysteretic—25,115(A34),541 
measurement; new stretched wire arrangement— 
25,250(A59) 
Marine depth sounder 
acoustic, recording—25,720(A24) 
Mathematics 
Bessel’s functions—25,218 
evaluation of certain integrals—25,903(A79) 
Mechanics 
stress problems; use of bakelite—25,900(A67) 
Melting points 
alkali metals, under pressure—25,249(A54) 
molybdenum—-25,846 
Metals 
thorium; 
(A31) 
M 
iron; “hydrogen point"—25,898(A60) 
steel, austenitic; transformation due to cooling to 
—180°C—25,898(A61) 
Mirrors 
spherical; coma; calculations—25,588(A28) 
Molecular structure and constants 
BO and CN; possible analogy to Na atom—25,259 
LiH; moment of inertia—25,887(A24) 
methane; from infrared bands;—25,108(A11) 
nitrogen; moments of inertia—25,109(A13) 


various physical properties—25,589 


Optical constants 
caesium, solid; absorption, reflection, refraction, 
principal angles—25,75 
liquids; extinction coefficients 
“friction” term—25,113(A28) 
magnesium and zinc crystals—25,116(A39) . 
tungsten; incandescent and cold—25,588(A27) 
Optical diffraction 
experiments, three simple—25,208 
Frannhofer pattern due to polygonal aperature 
—25,896(A54) 


and Drude’s 
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Optical refraction and dispersion 
bakelite; double refraction due to stress—25,900 
(A67) 
in excited He; 
(A25) 
relation of 
587(A26) 
theory; application of Lorentz dispersion formula 
—25,587(A26) 
quantum; suggestion—25,242(A29) 
vectorial treatment of refraction of spherical 
wave—25,550 
Oscillograph 
cathode ray; linear time axis—25,585(A18) 


near lines—25,587 


anomalous, 


indices to critical potentials—25, 


Phonelescope 
as a precision pitch indicator—25,720(A22) 
Photo-elastic properties 
bakelite—25,900(A67) 
Photo-electric cells 
four electrode; to operate relays—25,247(A45) 
gas-filled; control of ionization by collision—25, 
245(A41) 
study; amplification curve—25,248(A49) 
Photo-electric effect 
alkali metals, to -180°C—25,893(A45) 
alkali vapor; by ultracritical frequencies—25, 
247(A48) 
aluminum; current and threshold; effect of heat 
trcatment—2§,30 
mercury; threshold; effect of impurities—25, 
717(A13) 
mercury vapor; ionization by ultra-violet—25, 
893(A44) 
positive emission; experimental test—25,201 
potassium; at low temperatures—25,113(A27) 
potassium vapor ;threshold—25,247(A47),584(A13) 
threshold; relation to radiation potentials—25, 
584(A14) 
relation to absorption coefficients and refractive 
indexes for metals—25,894/ A48) 
relation to bend in light absorption curve— 
25,893(A46) 
theory, free electron—25,30 
Piezo-electric resonator 
electric network equivalent of —25,895(AS2) 
Planets 
temperatures 
Mars; from 
(A75) 
radiometric measurements; summary—285, 255 
(A75) 


water-cell transmission—25,902 
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Positive rays 
reflection of low speed; Ni—25,892(A43) 
Potentials, critical 
alkalies; displacement of 
245(A38) 
ammonia ;—25,887(A26); impact experiments— 
25,899( A34) 
argon, ionizing for A**—25,245(A40) 469 
L-electrons—25,484 
BO and CN;; from band spectra—25,259 
Co, Cu and Ni; photo-electric results—25,883 
(A9) 
Cu, Fe, Ni, Se; photo-electric results to 120 v. 
—25,883(A10) 
Cul; excited states—25,887(A23) 
H3; ionization to Hy—25,452,718(A15) 
HCl, in low-voltage arc—25,889(A32) 
iron to 900 v.; photo-electric results; lines Ly, 
Ly and Myy;—25,322 
to 1500 v.; secondary 
583(A12) 
Li; excitation of characteristic x-rays—25,714(A2) 
photo-electric results—25,740 
mercury; excitation—25,613 
nitrogen; K-electrons—25,484 
oxygen; low-voltage arc—25,110(A18) 
K-electrons—25,484 
phosphorus atom; ionizing—25,110(A19),501 
relation to indices of refraction—25,587(A26) 
Power loss 
lead glass; variation with temperature—25,116 
(A38) 
Proceedings of American Physical Society 
Ann Arbor meeting, November 28-29, 1924—25,105 
Washington meeting, December 29, 30 and 31, 
1924—25,233 
New York meeting, 
25,580 
Pasadena meeting, March 7, 1925—25,714 
Washington meeting, April 24-25, 1925—25,8£0 


two electrons—25, 


electron emission— 


February 28-28, 1925— 


Quantum 
nature; theory—25,243(A32) 
Quantum theory (see Atomic structure, Spectra, 
X-rays, etc.) 
electromagnetic—25,244(A35) 


Radiation 
constant, at low temperatures; measurement— 
25,897(A58) 
emissivity 
molybdenum, to 2900°K—25,846 
thorium oxide; in various flames—25,252(A65) 
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Radiation (cont.) 


pressure; quantum theory—25,896(A55) 
resonance; depolarizing effect of alternating 
magnetic field—25,888(A29) 
polarization in magnetic field; theory—25, 
—25,242(A28),242(A29) 
theory; combined classical and quantum—25, 
242(A30) 395 
kinematic geometry—244(A36) 
virtual oscillators—25,242(A31) 
Radio (see Wireless) 
Radioactive substances 
RaEm content in sea air—25,254(A72) 
thorium active deposit; isolation of two positive 
bodies—25,893(A36) 
Radiometer 
theory, Einstein; experimental test—25,719(A21) 
Rare earths 
separation of Hf and Zr—25,882(A8) 
Relativity theory 
applied to Bohr atom—25,582(A6) 
relation to quantum phenomena,—25,244(A36) 
Rheostat 
combined series and potentiometer; theory—25, 
256(A78) 


Sea . 
air; emanation content—25,254(A72) 
color and transparency; theory of Secchi disk— 

25,386 

Searchlight beam 
distribution of light; absorption to 7 miles—25, 

257(A81) 

Solar eclipse (Jamuary 24, 1925) 
atmospheric-electric observations—25,901(A71) 
declination at Urbana, I!].—25,901(A72) 
illumination and color temp. at Washington— 

25,901(A73) 
shadow bands; motion pictures—25,589(A35) 
time; determination from measurements of 
illumination—25,902(A74) 

Sound (see Acoustics) 

absorption, in air; high frequencies—25,117(A43) 
in CO;; band near 10°—25,117(A43) 
generator, piezo-electric—25,117(A43) 
horn, conical; amplification as a function of 
angle—25,225 
non-radial vibrations—25,218 
optimum angle;—25,230 
photography, spark, of waves—25,870 
resonators, double; frequencies—25,117(A45) 
resonator, Helmholtz, with hyperboloidal mouth; 
frequency—2S5, 705 


Sound (cont.) 
theory; additions—25,696 
string; effect of obstacle slightly 
tanpura—25,99 
transmission in a circuit; effect of a branch line— 
117(A44),252(A67) 
velocity in Al, Cu, and glass—25,558 
vibrations, longitudinal; in a rod or bar; pro- 
duction and measurement—25,118(A46),252 
(A66) 
wave-filters; theory; extension to high frequency 
—25,90 
Space 
dynamical Einstein space-times which contain a 
conformal euclidean three-space—25,721(A27) 
Sparking potentials 
in A, He, Ne at reduced pressures—25,583(A9) 
in highest vacuum; Mo electrodes—25,112(A26) 
Specific heat 
gases; isotope effects—25,119 
hydrogen; quantum theories; 
(A34) 
lithium, — 183° to 50°—25,896(A56) 
tungsten, incandescent, at 2425°K—25,677 
Spectra 
absorption 
alkali vapors; atomic coefficients—25,238(A16) 
copper, gold and silver vapors; ultraviolet—25, 
238(A15),523 
mercury vapor; band at 2540A—25,110(A17) 
Geissler discharge—25,606 
low voltage arc—25,613 
mercury vapor mixed with He; Geissler dis- 
charge—25,606 . 
oxygen; bands to 1240A—25,716(A8) 
sodium principal series, 2 to 16; intensities— 
25,768 
alkali metals; intensities of emission and absorp- 
tion probabilities of transition—25,108(A10), 
238(A16) 
air; spark; order of appearance of lines—25, 
886(A19) 
arc, high current (1000 amp.); characteristics— 
25,237(A12) 
argon—25,886(A20) 
atoms, with same electronic structure; relations 
of pp’ groups; explanation—25,884(A15) 
stripped; lines and term values—25,237(A11), 
295; quantum numbers of outermost orbits— 
25,239(A19); term values—25,591,715(A4) 
with three valence electrons; term values 


25,600,715(A5) 


touching; 


discussion— 243 
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Spectra (cont.) 


band 
alkaline earth halides; diatomic emitters 
25,887(A23) 
ammonia; excitation in low-voltage arc—25, 
847(A26) 
boron monoxide; new systems; vibrational and 
rotational isotope effect; half-integral vibra- 
tional quantum numbers; comparison of the 
arc and active nitrogen spectra—25,239 
(A20),259 
calcium hydride (?); highly unstable—25,509 
carbon; Swan; vibration quantum numbers; 
moment of inertia—25,716(A9) 
CO; comet tail; production in long tube—25, 
109(A14); analysis—25,888(A27) 
copper iodide—25,887(A23) 
crystals containing uranium oxide; effect of 
coupling—25,717(A10) 
lithium hydride—25,887(A24) 
magnesium hydride; probably MgH; departures 
from the combination principle—25,887(A25) 
methane; infrared, interpretation—25,108(A11) 
nitrogen; first negative Deslandres group; 
analysis—2§5, 109(A13) 
oxygen; energy levels—25,110(A18) 
OH; structure—25,240(A22) 
phosphorus vapor, in low-voltage arc—25, 
110(A19) 
theory 
doublets of CN and Hg bands—25,240(A21) 
emitters; identification—25,119 
energy levels; numbering—25,119 
fine structure in terms of precession of 
angular momentum—25, 109(A12) 
intensities according to correspondence prin- 
ciple—25,1 
intensity distribution—25,240(A23) 
isotope effect for diatomic molecules—25,119 
cadmium; pp’ group; arc of low current density 
25,885(A16) 
spark; order of appearance of lines—25,886 
(A19) 
carbon; vacuum spark 2200-6600—25,110(A16) 
classification, experimental, of lines based on 
widening; relation to temperature classifica- 
tion-—25,715(A6) 
cobalt; arc; series regularities—25,238(A13) 
copper; arc—25,582(A8) 
excitation by active nitrogen; collision of the 
second type—25,241(A25) 
fluorescence; metallic vapors mixed with mercury 
vapor and excited by radiation absorbed only 
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Spectra (cont.) 


by the latter; influence of inert gases—25, 
717(A12) 
Helium, are lines; successive excitation—25, 
885(A18) 
hydrogen; excitation by electron impact—25, 
885(A17) 
hydrogen lines in stellar spectra; behavior—25, 
717(Al1) 
indium; classification involving primed terms— 
25,885A 16) 
iodine line 2062A; nature—25,791 
iodine; ultraviolet arc lines—25,886/A21) 
laws, doublet; evidence in field of optics—25,295 
doublet, irregular; physical significance—25,591 
lithium line 6708; structure—25,582(A7) 
magnesium; primed terms; doubly excited states 
—25,239(A14) 885(A16) 
spark; order of appearance of lines—25,886 
(A19) 
mercury; excitation of 2270A; shift of 2270, 
2345 ,2564 in condensed vacuum discharge— 
25,23 
excitation by active nitrogen—25,241(A25) 
excited atom; life—25,888(A29) 
Geissler discharge—25,606 
series relations—25,238(A17),613 
neon; extreme ultraviolet—25,886(A20) 
nitrogen spark; order of appearance of lines 
25,886(A19) 
pressure shift; measures in magnesium—25, 
239(A18) 
silver, arc—25,582(A8) 
sodium; principal series; relative transition 
probabilities for lines 2 to 16, from absorption 
measurements—285, 768 
spark, condensed, in aqueous solution of metallic 
salts—25,888(A28) 
spark, order of appearance of certain bright lines; 
—25,886(A19) 
standard wave-lengths; of iron; new measure- 
ments—25,716(A7) 
secondary; iron and Hg lines—25,109(A15) 
stellar; behavior of bright hydrogen lines—25, 
717(Al1) 
thallium; classification involving primed terms 
—25,885(A16) 
theory (see Atomic structure) 
classical and quantum combined—25,395 
correspondence, principle; extension to small 
quantum numbers—25,102(note) 
doublets; origin, magnetic law—25,884(A14) 
doublet L2Ls; origin—25,243(A33) 
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Spectra (cont.) 
quantum numbers for orbits of stripped atoms 
—25,23%A19) 
quantum number relations in series—25,239 
(A19) 
screening constants for one, two and three 
valence electron systems—25,600 
structure, fine, in non-hydrogenic atoms—25, 
241(A24) 
transition probabilities from absorption meas- 
urements—25,108(A10),870,768 
transitions; simultaneous double—25,885(A16) 
tungsten arc; term regularities—25,886(A22) 
widening of lines; relation to temp. classification 
and energy levels—25,715(A6) 
zinc spark; order of appearance of lines—25, 
886(A19) 
Spectrophotometer 
direct comparison; neutral wedge arrangement 
—25,116(A41) 


Temperature scales 
of molybdenum to 2900°K—25,846 
Tension meter for stretched fabrics—25,900(A69) 
Terrestrial magnetism 
theory, based on generalized electrodynamics— 
25,253(A69) 
Thermal analysis ; 


iron containing hydrogen; heat evolution at 
325°C; thermal expansion curves—25,898(A60) 
Thermal conductivity 
cotton and wool; effect of humidit y—25,252(A64) 
lithium, —183° to 50°C—25,896(A56) 
Thermal expansion 
iron containing hydrogen; curves—25,898(A60) 
thorium metal—25,589(A31) 
Thermionic emission of electrons 
from caesium liquid and Cs adsorbed films—25, 
892(A41) 
effect of charge on glass walls—25,645 
evaporation of electrons, heat of (see Thermionic 
work function) 
from molybdenum—25,338 
from oxide-coated cathodes; effect of oxygen— 
25,246(A42) 
effect of various gases; positive ion bombard- 
ment; flashing at 1600°K—2S,671 
Schottky’s formula; limiting conditions—25,808 
shot effect (probability fluctuations)—25,112 
(A25) ;147 
from substances containing iron and alkali metal 
—25,892(A40) 
from tantalum—25,338 


Thermionic emission of electrons (cont.) 


theory; constancy of 4—25,338 
kinetic, based on various assumptions regard- 
ing electrons inside the solid—25,891(A39) 
mechanism—25,892(A42) 
from tungsten—25,338 
velocity distribution from tungsten and oxide- 
coated filaments—25,584(A15), 671, 795 
Thermionic emission of positives 
from substances containing alkali metal—25,892 
(A40) 
Thermionic work function 
heat of evaporation of electrons, assuming space 
lattice distribution: alkali metals—25,121(A24), 
187; calcium—24,246(A43), 246(A44); copper 
and silver—25,246(A43) 
relation to photo-electric thresholds—25,894(A47) 
substances containing iron and alkali metal—25, 
892(A40) 
Thermodynamics 
elasticity, adiabatic coefficient; relation to ab- 
solute melting temperature—25,251(A63) 
energy; conditions and _ transformations—25, 
251(A61) 
entropy of quantized coordinates—25,251(A62) 
mixtures; distribution of the constituents be- 
tween its phases; equation—25,250(A60) 
Thermo-electric effects 
Seebeck effect due to asymmetrical temperature 
gradients—25,250(A58) 
selenium; power; dark values; effect of light—25, 
250(A57),826 
theory, electron—25,826 
limitations of existing—25,250(A58) 
Thermo-luminescence . 
from columbium oxide, heated in hydrogen flame 
—25,376 
effect of x-rays in producing and modifying; 
fluorite and calcites—25,588(A29) 
Thermostat 
mercury-contact; hunting due to lag in stirring 
—25,897(AS9) 
Time intervals 
measurement of very short, using Lichtenberg 
figures—25,256(A79),586(A20) 865 
Tribo-electric effect 
when tin is solidified in a glass vessel—25,812 


Universe 
de Sitter’s; discussion—25,903(A78) 
Vacuum electron tubes (triode tubes) 
amplification constant formulas; large grid wires 
—25,255(A76) 
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Vacuum, high; technique 
absorption of Hg vapor. by potassium—25,902 
(A76) 
seals of tungsten in Pyrex—25,677 
Vacuum spark 
molybdenum electrodes; minimum _ potential— 
25,112(A26) 
Vapor pressure 
mercury at low temperatures 20° to —65°C— 
25,288(A30) 
Vaporization (see Evaporation) 
latent heat; liquid oxygen, nitrogen and oxygen- 
nitrogen mixtures—25,897(A57) 
thorium metal—25,589(A31) 
Vibrations 
longitudinal, in bars of Ag, Al, Cu and glass; 
effect of viscosity; comparison with theory 
25,558 
resonance phenomena; analysis 
Viscosity 
liquids under pressure; 43 pure organic diquids 
at 30° to 75°C—25,899\ A64) 
solids; Al, Cu, glass; from longitudinal vibra- 
tions—25,252(A66),558 
brass, celluloid, copper, steel; variation with 
frequency and amplitude—25,899(A65) 
glass; soda-lime and others—899(A66) 
Volcanoes 
theory; dissolved water—25,255(A74) 
Voltameter 
glass; electrolysis of sodium—25,719(A20) 


25,590(A36) 


Wireless 

direction finders; error due to Heaviside layer— 
25,589(A32) 

measurement 
micro-voltages of radio frequency—25,147 
wave-length, short—25,686 

reception; dependence on modulation; effect of 
Heaviside layer—25,589(A33),589(A34) 


X-rays 

absorption in water—25,581(A3) 

dispersion, anomalous; copper prism—25,881(A4) 

photo-electric effect of soft rays from Fe and Ni; 
0-1500 v.—25,234(A1) 

reflection; Bragg’s law; deviations—25,882(AS) 
theory; relation to electron distribution in 
crystal—25,88 1(A2) 

refraction by prisms 
amorphous or crystalline substances—25,235 

(A3) 
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X-rays (cont.) 


copper, near critical frequencies; anomalous 
dispersion—25,88 1(A4) 
scattered; Compton effect 
effect of enclosing box—25,236(A7),235(A4) 
for glass, graphite—25,714(A1) 
intensity of displaced radiation as a function 
of atomic number; paraffin, aluminum, sulfur, 
and calcium—25,737 
intensity, relative, of modified to unmodified 
line as function of the atomic number and 
wavelength—25,235(A5) 
recoil electron produced (see secondary rays) 
smaller radiators—25,235(A6) 
theory, quantum, 
modified band—25,000(A1),723 
unmodified line—25,236(A8),314 
virtual moving oscillators—25,444 
secondary beta rays; stereoscopic photographs; 
P and R tracks—25,107(A6),306,581(A1) 
theory; production; transformation of energy of 
cathode or beta rays—237(A10); 243(A32) 
X-ray spectra 
characteristic lines 
K-series; for Ba to Er and W—25,106(A1),197 
for Li to Ne—25,714(A2),740 
for silver; wave-lengths; minimum voltage— 
25,581(A2) 
L-series; for Co, Cu, Fe, Ni; from critical 
potentials—25,883(A9) 
M-series; for fe, from critical potentials—2S, 
234(A2) 
for tungsten; 7 to 5 A—25,106(A3) 
continuous, due to 200 v. electrons—25,883(A11) 
element number 61; search for—25,106(A4) 
law, irregular doublet, physical significance—25, 
591 
lithium; K-series—25,714(A2) 
molybdenum; Ka, correct wave-length—25,€25 
Ks, components—25,882(A7) 
rare earth samples; new lines—25,882(A6) 
from sparks, hot—25,884(A12) 
spectrograms; unusual reflections; explanation— 
25,715(A3) 
theory; outer energy levels, L and O—25,106(A2) 
tungsten; M-series; absorption and emission; 7 to 
5A—25,106(A3) 747 
wave-lengths; correction for refraction—25,625 
X-ray spectrograph 
* transmission type, for short rays—25,197 
~ 








